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1 PREFACE 

Colloid chemistry has been developed on the assumption that 
the ultimate unit in colloidal solutions is not the isolated molecule 
or ion but an aggregate of molecules or ions, the so-called micella 
of Naegeli. Since it seemed improbable that such aggregates 
could combine in stoichiometrical proportions with acids, alkalies, 
or salts, the conclusion was drawn that electrolytes were adsorbed 
on the surface of colloidal particles according to a purely empirical 
formula, Freundlich’s adsorption formula. 

The writer^s investigations have led to the result that this last 
conclusion is based on a methodical error, as far as the proteins 
are concerned; namely, to the failure to measure the hydrogen ion 
concentration of the protein solutions, which happens to be one of 
the main variables. When the hydrogen ion concentrations are 
duly measured and considered, it is found that proteins combine 
with acids and alkalies according to the stoichiometrical laws of 
classical chemistry and that the chemistry of proteins does not 
differ from the chemistry of crystalloids. 

As long as chemists continue to believe in the existence of a 
special colloid chemistry differing from the chemistry of crystal- 
loids, it will remain impossible to explain the physical behavior 
of colloids in general and of proteins in particular. This state of 
affairs is reflected in the concluding remarks of Burton^s interest- 
ing book on ^^The Physical Properties of Colloidal Solutions’" 
published in 1920, 

^^We may very well conclude with the words used by the pioneer 
worker Zsigmondy, in closing his first account of the early work on 
colloidal solutions : 

Trom the -foregoing outline no general theory of colloids can be 
given, for the study of colloids has become a great and extensive science, 
in the development of which many must assist; only when the volu- 
minous material supplied by much physico-chemical research has been 
properly systematized, will the theory of colloidal solutions be raised 
from mere consideration of the similarities in special cases to the standing 
of an exact science.""" 
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Professor F. G. Donnan, of the University of London, an- 
nounced in 1910 an ingenious theory of equilibria which are 
established when two solutions of electrolytes are separated by a 
membrane which is permeable to all except one ion. This theory 
was successfully applied by Procter and Wilson to the explana- 
tion of the influence of electrolytes on the swelling of gelatin. It 
will be shown in this volume that Donnan^s theory of membrane 
equilibria furnishes a quantitative and mathematical explanation 
not only of swelling but of the colloidal behavior of protein solu- 
tions in general; namely, electrical charges, osmotic pressure, vis- 
cosity, and stability of suspensions. Such an application of 
Donnan^s theory would have been impossible without the stoichio- 
metrical proof that proteins form true ionizable salts with acids 
and alkalies. What was at first believed to be a new type of chem- 
istry, namely colloid chemistry, with laws different from those of 
general chemistry, now seems to have been only an unrecognized 
equilibrium condition of classical chemistry; at least as far as 
the proteins are concerned. This does not detract from the 
importance of colloidal behavior for physiological and technical 
problems, but it completely changes the theoretical treatment of 
the subject. 

Any rival theory which is intended to replace the Donnan theory 
must be able to accomplish at least as much as the Donnan 
theory, f.e., it must give a quantitative, mathematical, and 
rationalistic explanation of the curves expressing the influence 
of hydrogen ion concentration, valency of ions, and concentration 
of electrolytes on colloidal behavior; and it must explain these 
curves not for one property alone but for all the properties, 
electrical charges, osmotic pressure, swelling, viscosity, and 
stability of solution, since all these properties are affected by 
electrolytes in a similar way. 

The contents of the book are divided into two parts, one fur- 
nishing the proof of the stoichiometrical character of the reactions 
of proteins, the second developing a mathematical and quantita- 
tive theory of colloidal behavior on the basis of Donnan’s theory 
of membrane equilibria. 

The theory of colloidal behavior, as outlined in this book, can 
only be considered as a first approximation. Finer methods of 
experimentation will have to be introduced, many minor dis- 
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crepancies will have to be accounted for, and many additions 
made. It was, however, thought advisable to publish the book 
for the reason that the experimental facts are accumulating so 
rapidly that it is difficult for anyone to gather the leading ideas 
unless they are presented more systematically and with less 
detail than in the original publications. It was also thought 
advisable to avoid in this volume a discussion of the possible 
applications of the new theory to physiological and technical 
problems. 

The writer wishes to express his appreciation to his technical 
assistants, Mr. M. Kunitz, and Mr. N. Wuest, for the skill and 
care shown in the measurements required for the experimental 
part of the work. 

The writer^s thanks are also due to Dr. John H. Northrop, 
Dr. D. I. Hitchcock, and Dr. Anne Leonard Loeb, who have read 
part or all of the manuscript and offered valuable suggestions; 
and to Dr. J. A. Wilson, who kindly read and revised the first 
part of the chapter on swelling and suggested to the writer the 
mathematical proof on page 143 of the book. 

The writer is indebted to Miss N. Kobelt for the reading of 
the proof and for the index. 

Jacques Loeb. 

The Rockefellee Institute foe 
Medical Reseaech, 

66th Steeet and Avenue A, 

New Yoek, N. Y. 

March, 1922 
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PROTEINS 

AND 

THE THEORY OF 
COLLOIDAL BEHAVIOR 

(CHAPTER I 

HISTORICAL INTRODUCTION 

1. The Allecjed Difference Between the Chemistry of 

Colloids and op Crystalloids 

Tlui distinction between crystalloids and colloids was proposed 
by Graham in ISGl, th(i crystalloids being characterized by a 
teruhnu^y to form crystals wluvn separating from a watery solu- 
tion, and th(‘ (U)lloids by a timdcncy to separate out in the form 
of ^^g(datinous” (or amorphous) masses. Graham found that 
thcise two groups of su}>stanc('s differ also in two other respects, 
first, in thedr “diffusive mobility,^' and second, in a peculiar 
“ physical aggn^gation.’' Th(^ crystalloids diffuse readily through 
diff(U’(uit kinds of nuimbrancs (c.f/., pig’s liladder, parchment) 
through which colloids caii diffusci not at all or only very slowly. 
Th(i second peculiarity is th(i tendency of the colloids to form 
aggregate's wlicm in solution while this property is lacking or less 
pronounceul in crystalloids. A brief quotation from a paper by 
Graham will illustrate thcise dedinitiona: 

“Among the latter [z.c., the substancoH with low order of diffusibility] 
are hydrate^d silicic acid, hydrated alumina, and otlier metallic peroxides 
of the aluminous class, when they exist in the soluble form; and starch, 
dextrin and thcj gums, caramel, tannin, albumen, g(;latine, vegetable and 
animal (^xtrac^tive rnathirs. Low (liffuKil)iiity is not the only property 
whi(;h tin; bodies last enumerated possess in common. They arc 
distinguished by the gelatinous character of their hydrates. Although 

1 
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often largely soluble in water, tluw are lielcl in solution l)y a most feel 
force. They appear singularly iu(‘rt in th(i capacity of aci<ls aiul l)asi 
and in all the ordinary cheinic^al Halations. ^ But, on tlic otiu‘r liai: 
their peculiar physical aggn^gation with thc‘ chemi(’.al in<lilT(‘nni 
referred to, appears to be reciiiircid in su!)stanccs that can intcu'vcuui 
the organic processes of life. d'h(^ plastic* (‘k^na'nts of tin* aninuil bo* 
are found in this (jlass. As gelatine appr*ars to he* its type*, it is propos 
to designate sul)sta.nces of t.lu* class as rof/en/.s, and to s|K‘ak of th' 
]()eculiar form of aggr(*gation as t in* culloidal condition of niattcr. C )ppos 
to the colloidal is tln^ crystalliin; condition. Substance's afTecting t 
latter form will Ixt classed as cri/dalloixLs, Tln^ distinction is no dou 
one of intimate molecular (mnstit ution.”“ 

It is tlnu’efon* obvious that then* an* according to (Irahain 
k^ast tavo (‘ssc'iitiul (lifT(*r(*n(*(*s lH‘tw(*(*n (*oll( nds and crystalloic 
th(! (liffc‘n*nc(* in difTusion through nH‘nd)raiH‘s, and tin* difTt'rc'u 
in the temhuicy to form aggn‘gat<‘s in solutions. W(* shall s 
in this volume that tin* (*hi(*f if not all the* chanu't eristics 
colloidal behavior can b(‘ C'xplained inathc'imif ieally from t 
difference in diffusihility b(*twe(*n colloids and (‘rystalloids, wh 
the tend(*ncy of the prot(‘in mol(*cuI(*s to form aggregate's pla 
only an indirc'ct role, nanu'ly, by immot)iIizing om* kind of io 
without interfering with tlu* mobility of otlH*r ions. 

In modern colloid chemistry it has, hovv(»ver, l)<*eome custo] 
ary to consider tlu^ terukmey of colloids to form aggregate's 
the fundamental propc'rty, for tlu^ reason that tin* j)n*cipitati 
of colloids was the ehied topic of rc'scmrclt and disemssion 
i colloid chemistry, and pn'cipitation is, of chuu-hc*, due to t 

5 formation of aggregate's. The (jolloidal state is definc'd by colk. 

I chemists as that state of nuitt(‘r in which thc! ultimate* units 

I solutions are no longer isolat'd mole(nilc‘H or ions, but aggr(*ga1 

I of molecules for which Nae*geli had irdroducc'd the* t(*rm mice 

t (small crumb). Tlius Zsigmondy state's, 

i, 

f 'Hhat the essential and characteristic constituents of ccdloidal solutic 

i are very small ultramicroscojnc particles the dimeiiHions of wdiich 

f between molecular and microscopic size. . . . These* uitramic^rosco; 

I 

I ^ This is no longer correct, as w(i shall see. 

^ 2 Graham, T., Phil. Tram., pp. 18S-224, 1861. Ilc^printed in “Chemi 

and Physical Researches,’^ p. 553, Edinburgh, 1876. 
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particles (ultramicrons) have the same significance for colloidal solutions 
as the isolated molecules have for crystalloidal solutions.”^ 

The idea that thfe ultimate unit of the colloidal solution is not 
the molecule or ion of the solute but an aggregate induced colloid 
chemists to propose a new type of chemistry in which the laws of 
classical chemistry were replaced by laws peculiar to colloid 
chemistry. It seemed improbable to them that the stoichio- 
metrical laws of classical chemistry should hold for colloidal 
solutions in. which the ultimate units were larger aggregates of 
molecules, since they argued that only the surface of such aggre- 
gates should be capable of reacting with other substances. The 
stoichiometrical relations valid in classical chemistry were as a 
consequence replaced in colloid chemistry by an empirical 
formula, Freundlich’s so-called adsorption formula, which was 
supposed to account for surface action. ^ Recent investigations 
by Langmuir^ have furnished the proof that Freundlich^s adsorp- 
tion formula does not hold for the reaction of gases with mica, 
glass, and platinum possessing a smooth surface, and Langmuir 
was able to show that the forces which act in these cases are the 
purely chemical forces of primary or secondary valency. Like 
most empirical formulas the adsorption formula may hold within 
a limited range of observations, but not throughout the whole 
range of variation, and Langmuir states that this was also true 
for the adsorption formula in his experiments. 

John A. Wilson and Wynnaretta H. Wilson^ have made a most 
important contribution towards the question of the applicability 
of the adsorption formula to colloidal problems, in which they 
were also led to a rejection of the adsorption formula and to the 
adoption of a purely chemical interpretation. Their discussion 
is based on the experiments of Procter and Wilson on gelatin 
and the facts to be given in this book fully support their skeptical 
attitude towards the adsorption formula. 

Even if we assume that the protein solutions contain no free 
protein ions or molecules — which is contradicted by the experi- 

1 Zsigmondy, R., Kolloidchemie,” 2nd ed., Leipsic, 1918. 

2 Freundlich, H., 'd^apillarchemie,'^ Leipsic, 1909. 

2 Langmuir, I., J. Am. Chem. Soc., vol. 40, p. 1361, 1918. 

4 Wilson, J. A. and Wilson, W. H., J. Am. Chem. Soc., vol. 40, p. 886, 
1918. 
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ments on potential difference and osmotic pressure to be dis- 
cussed later — such an assumption does not lead to the idea thai 
chemical reactions occur only at the surface of the micellae fo] 
the simple reason that solid gels of proteins (e.g., of gelatin) arc 
easily permeable to acids, alkalies, and salts or to crystalloids ir 
general. Chemical reactions are, therefore^ not restricted to the 
surface of protein micellae. 

While a number of authors, like Bugarszky and Liebermann,^ 
Osborne, 2 Robertson,^ Pauli,^ and others assumed that the reac- 
tions of proteins are purely chemical, this assumption could not 
be proved conclusively until the modern methods of measuring 
the hydrogen ion concentration of protein solutions were 
developed by Friedenthal, Sorensen, ^ Michaelis,® Clark, ^ and 
their collaborators. On the basis of these methods it was easy 
to demonstrate the purely stoichiometrical character of the 
combination of proteins with acids and alkalies. 

Thus it was proved that gelatin combines with acids only when 
the hydrogen ion concentration of the solution is above a certain 
critical point, namely greater than n/50,000 (or pH = 4.7).® 
At hydrogen ion concentrations above n/50,000, H3PO4 dis- 
sociates as a monobasic acid. Hence, if gelatin combines stoichio- 
metrically with acids it should require three times as many 
cubic centimeters of 0.1 n H3PO4 as it requires cubic centimeters 
of 0.1 N HCl or HNO3 to bring 1 gm. of gelatin in 100 cc. solution 
from a hydrogen ion concentration of n/50,000 to that of, e.g., 
n/1,000. The strong acid H2SO4 dissociates, however, in this 

1 Bugarszky, S. and Liebermann, L., Arch. ges. Physiol, vol. 72, p. 51, 
1898. 

2 Osborne, T. B., Die Pfianzenproteine: Ergeh. Physiol., vol. 10, p. 47, 
1910. 

® Robertson, T. B. “The Physical Chemistry of the Proteins,” New York, 
London, Bombay, Calcutta, and Madras, 1918. 

4 Pauli, W., Fortschr. naturwiss, Forschung, vol. 4, p. 223, 1912. “Kol- 
loidchemie der Eiweisskorper,'’ Dresden and Leipsic, 1920. 

^SjzJrensen, S. P. L., see Bibliography given in W. M. Clark, “The 
Determination of Hydrogen Ions,” Baltimore, 1920. 

* ® Michaelis, L., “Die Wasserstoffionenkonzentration,” Berlin, 1914. 

^ Clark, W. M., “The Determination of Hydrogen Ions,” Baltimore, 
1920. 

^Loeb, J., J. Gen, Physiol., vol. 3, p. 85, 1920-21. Science, vol. 52, p. 449, 
1920. J. chim. physique, vol. 18, p. 283, 1920. 
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range of hydrogen ion concentration as a dibasic acid and hence, it 
should require as many cubic centimeters of 0.1 n H2SO4 as it 
requires cubic centimeters of 0.1 n HCl to bring the same 1 per 
cent solution of gelatin from a hydrogen ion concentration of 
n/50,000 to one of n/1,000. Titration experiments proved the 
correctness of these and similar conclusions, not only in the case 
of gelatin but also of other proteins, thus leaving no doubt that 
proteins combine with acids or alkalies according to the stoichio-^ 
metrical laws of general chemistry.^ 

It was merely an unfortunate historical accident that the 
colloidal behavior of proteins was investigated before the con- 
venient methods of measuring the hydrogen ion concentration 
were developed; otherwise, we should probably never have heard 
of the idea that the chemistry of colloids differs from the chemistry 
of crystalloids, at least as far as the proteins are concerned. It 
was this methodical error of not measuring the hydrogen ion 
concentration of colloidal solutions and of gels which prevented 
the development of an exact theory of colloidal behavior and 
which gave rise to the statement of Zsigmondy quoted in the 
preface. 

The reason that measurements of the hydrogen ion concentra- 
tion are paramount for the understanding of the chemical and 
physical behavior of the proteins lies in the fact that proteins are 
amphoteric electrolytes capable of forming ionizable salts with 
acids as well as with alkalies, according to the hydrogen iop 
concentration. When the hydrogen ion concentration exceeds a 
certain critical value (which varies for different proteins) the 
protein behaves as if it were a base, like NH^, capable of forming 
salts with acids; while when the hydrogen ion concentration of 
the solution is below this critical value the protein behaves as 
if it were a fatty acid, c.r/., CH3COOH, capable of forming salts 
with bases. At the critical value of the hydrogen ion concentra- 
tion the protein can practically combine neither with an acid nor 
a base nor a neutral salt.^ This critical hydrogen ion concen- 
tration is called the '^isoelectric'" point of the protein. More- 
over, we shall see that the fraction of 1 gm. of originally isoelectric 

iLoeb, J., J. GAi. PhyswL, vol. 3, pp. 85, 547, 1920-21. 

^Loeb, j., j. Ckn, Phym)l.j vol. 1, pp. 39, 237, 1918-19. Science^ vol. 52, 
p. 449, 1920, J. chirri. yhyaiqm^ vol. 18, p. 283, 1920. 
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protein in 100 c.c. solution capable of cornbininji; witli an or 
alkali, is also a definite function of tlie hydrogen ion eoiiei'nt ration. 

2. The Isoelecteic Point of Photioins 

The conception of the ''isoelectric point” of proteins was 
introduced before its chemical meaning was nuiognizcal and it 
attracted attention because it was connected witli th(‘ pnaa’pita- 
tion of colloids, a phenomenon on which the inter(‘st of a number 
of investigators had been focussed. The conception of tin* 
isoelectric point of proteins, which is due to W. lb Hardyd 
must be considered as the starting point for tin* physical chc*!!!- 
istry of proteins. This author found in LSOO that, white of <*gg 
diluted with eight or nine times its volume of distillc‘d water, 
filtered, and boiled when put into an (*l(*(!t rical fi(‘Id migrated 
in an opposite direction according to wheth(*r tin* reaction of the 
fluid was acid or alkaline. When the fluid had an alkaJirn* 
reaction, the particles moved in an (dind.rical fi(‘ld from tin* 
cathode to the anode; when the fluid was aedd, tin* dir(‘etion of the* 
motion of the particles was the reverse, nani(‘Iy, from the aiiodf* 
to the cathode; when the fluid was neutral tin* movcmH‘nt (d the* 
particles under the influence of a current was so slight that it was 
difficult to detect. 

"I have shown that the heat-rnodified proteid is nunarkabh* in that its 
direction of movement [in an electric field] is dctcrmin(*(l hy tlu* n*uction 
acid or alkaline, of the fluid in which it is suspended. An iiiuneu.Murnbly 
minute amount of free alkali causes the protidd part i(‘I(»s to move agiiinst 
the stream while in presence of an eciually minutf* amount of acid 
the particles move with the stream. In the omi (‘uh(‘ therefore the 
particles are electro-negative, in the oth(*r they arc* el(*(*tro™po^i!iv<^ 
Since one can take a hydrosol in which the partiek^s are (*I(*et ro-negaf ive 
and, by the addition of free acid, decrease their negativity, and ulti- 
mately make them electro-positive it is clear that lhc*rc! c*xists soim* 
point at which the particles and the fluid in which tluy are immerHed 
are isoelectric. 

"The isoelectric point is found to be one of great imp(atiinc*e. As it 
is neared the stability of the hydrosol diminishes until, at t in* iHradectrie 
point, it vanishes, and coagulation or precipitation occurs, the om* or the 
other according to whether the concentration of tin* protend is lugh or 

^ Hardy, W. B., Proc. Roy. Soc., voi. CC, p. 110, lO(K). 
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low, and whether the isoelectric point is reached slowly or quickly, 
and without or with mechanical agitation/^ 

In a preliminary note^ on his work on globulins published in 
1903 Hardy gives an interpretation of the influence of H and OH 
ions on the direction of migration of protein particles in an 
electrical field which was destined to play an important role in 
colloid chemistry, since it suggested to the later workers that the 
H and OH ions produced their influence on the electrical charge of 
the protein particles through a process of adsorption. 

^^The properties of globulins in solution seem to justify the following 
view: They are not embraced by the theorem of definite and multiple 
'proportions. Therefore they are conditioned by purely chemical forces 
only in a subsidiary way. A precipitate of globulin is to be conceived 
not as composed of molecular aggregates but of particles of gel. I have 
shown elsewhere that gelation and precipitation of colloidal solutions 
are continuous processes. These particles of gel when suspended in a 
fluid containing ions are penetrated by those ions. Let the fundamental 
assumption be that the higher the specific velocity of an ion the more 
readily it will become entangled within the colloidal particle. Then 
as H and OH ions have by far the highest specific velocity the colloidal 
particle will entangle an excess of H ions in acid and thereby acquire a 
+ charge and of OH ions in alkali and thereby acquire a — charge. 
These charges will decrease the surface energy of the particle and 
thereby lead to changes in their average size.^^ 

Perrin adopted the idea that H and OH ions confer their 
electrical charge to colloidal particles on account of their rela- 
tively large velocity of migration, whereby they were readily 
adsorbed by the colloidal particle. The hypothesis of a prefer- 1 
ential adsorption of H and OH ions by colloidal particles has | 
since played a great role in colloid chemistry. 

In 1904 the writer of this volume offered instead of this colloidal 
a purely chemical view of the significance of the isoelectric 
point and of the cause of the influence of acids and alkalies on 
the direction of the migration of the colloidal particles. ^ 

“It seems to the writer, however, that a different view of these 
phenomena is possible whereby they appear in harmony with the view 
of electrolytic origin of the charges of colloids. The proteids are known 

1 Hardy, W. B., J. Physiol.^ vol. 29, p. 29, 1903. 

2 Loeb, J., Univ. of Cal, Publications, Physiology, vol. 1, p. 149, 1904. 
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to be amphoteric in their reaction. If they be slightly dissociable they 
will send H as weU as OH ions into the solution. When the particles 
send more H ions than OH ions into the solution they will have a 
negative charge while they will have a positive charge when more OH 
ions are given off than H ions. If acid is added to the solution in suffi- 
cient concentration the amphoteric colloidal particle will send more OH 
ions into the solution than H ions and hence, will assume a positive 
charge. The reverse will be the case in an alkaline solution. It 
harmonizes with this idea that, as Hardy found, neutral salts do not 
influence the sign of the electrical charge of the globulins.^^ 

We shall see later on that this suggestion explains the source of 
the electrical charge of isolated protein ions but explains only 
indirectly the charge of larger aggregates. 

In his famous paper on ^'Colloidal Solution’^ published in 
1905, Hardy^ abandons the physical view which he expressed in 
1903 and adopts ^^a frankly chemical standpoint.’^ 

^‘Globulin therefore is an amphoteric substance and its acid function 
is much stronger than its basic function. As an acid it is strong enough 
to form salts readily with bases so weak as aniline, glycocoll, and urea; 
acting as a base it forms salts with weak acids, such as acetic, and boracic 
acids, which are very unstable in presence of water.” 

While Hardy accepts the idea of an electrolytic origin of the 
charges of proteins, he does not seem to be ready to concede that 
the reactions of proteins with acids and alkalies are purely 
stoichiometric, as the following quotations indicate. 

'‘Though one may speak of the colloid particles as being ionic in 
nature they are sharply distinct from true ions in the fact that they are 
not of the same order of magnitude as are the molecules of the solvent, 
the electric charge which they carry is not a definite multiple of a fixed 
quantity and one cannot ascribe to them a valency, and their electrical 
relations are those which underlie the phenomena of electrical endosmose. 
To such ionic masses I would give the name 'pseudo-ions' and I propose 
to treat globulin solutions from the standpoint of a hypothesis of 

‘pseudo-ions. '2 

And in 1910 Wood and Harcjy^ express the view that proteins 

^ Habdy, W. B., J. Physiol,, vol. 33, p. 251, 1905-06. See also, 
Hardy, W. B., Proc. Roy. Soc., vol. 79, p. 413, 1907. 

2 Hardy, W. B., J. Physiol, vol. 33, pp. 256-257, 1905-06. 

3 Wood, T. B. and Hardy, W. B., Proc. Roy. Soc., vol 81, p. 38, 1909, 
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« 

‘‘react with acids and alkalies to form salts, but the reactions are not 
precise, an indefinite iiuinl)er of salts of the form (B)nBHA being formed 
where the value of n is determined by conditions of temperature and 
concentration, and of inertia due to electrification of internal surfaces 
within the solution.’’ 

There are two elements in this view which should be separated. 
The suggestion that the electrical charges of the micellse are not 
“a definite multiple of a fixed quantity harmonizes with the 
results to be given later. The other suggestion, however, “that 
the reactions are not precise^’ seems to be contradicted by the 
stoichiometrical facts to be enumerated in the fourth chapter. 

When the methods of measuring the hydrogen ion concentra- 
tion had been developed by H. Friedenthal and by Sorensen it 
became possible to determine the isoelectric point of genuine 
proteins. This was first done by Michaelis and his collaborators 
in 1910. Michaelis used the same method of migration of the 
particles in an electrical field which had been used by Hardy. 
The isoelectric point is, according to Michaelis, that hydrogen 
ion concentration at which the particles migrate neither to the 
anode nor to the cathode. The following figures give the 
hydrogen ion concentrations defining the isoelectric points of 
different proteins as determined by Michaelis.^ 


Genuine serum albumin 2 X 10”®N 

Genuine serum globulin 4 X 10“®N 

Oxyhemoglobin 1.8 X 

Gelatin 2 X 10“®N 

Casein 2 X 


According to Sj^frensen the isoelectric point of crystalline egg 
albumin is near that of serum albumin (namely, at a pH of 4.8). ^ 

We shall denote in this book the hydrogen ion concentration 
by Sj^irensen’s logarithmic symbol pH; e.gf., the concentration 
2 X 10"^N = is written merely pH 4.7, the minus sign 

being omitted. 

If we assume that the ultimate units of a protein solution are 
as a rule isolated protein molecules or ions which react stoichi- 

1 Michaelis, L., “Die Wasserstoffionenkonzentration,” p. 54 £f, Berlin, 

1914. I 

2 Sorensen, S. P||L., Studies on proteins: Compt. rend. trav. Lab. Carls- 
berg, vol. 12, Copenhagen, 1915-17. 
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ometrically with acids and alkalies, forming highly dissociable 
metal proteinates or protein-acid salts, we may define the iso- 
electric point of a protein as that hydrogen ion corKiontratioii 
in which the protein exists practically in a non-ionogeriic (or non- 
ionized) condition being able to form practically neither metal 
proteinate nor protein-acid salt. We shall see that this theo- 
retical result leads to a simple practical method of preparing 
proteins entirely or practically free from ionogenic impurities. 

The fact that solutions and suspensions of proteins are least 
stable at the isoelectric point is then connected with the purely 
chemical fact that proteins are amphoteric electrolytes which 
exist at their isoelectric point in the form of practically non- 
ionizable protein molecules. 

3. The Adsorption Theory and the Precipitation op 

Proteins 

The interest of most investigators of colloidal phenomena was 
centered on the precipitation of colloids, especially in those cases 
where the precipitation required low concentrations of clcctro- 
lytes. The explanation accepted by the majority of authors is 
based on the assumption of an adsorption of ions by the colloid. 

Hardy explained his discovery that proteins are most (easily 
flocculated from their solutions at the isoelectric point by the 
fact that at that point the electrical charges of the prot(hn partiedes 
are a minimum, a conclusion derived from his observation that at 
the isoelectric point proteins do not migrate in an clectricjal 
field. He concluded from this that the stability of colloidal 
solutions is due to the potential difference between each colloidal 
particle and the surrounding liquid. In this state the charged 
particles must repel each other with the result that they become 
evenly distributed through the solvent. When the charge is 
annihilated or sufficiently diminished “the adhesion or ^idio- 
attraction'^ as Graham called it, of the colloid particles for each 
other makes them cohere where they come together.^^^ He 
originally assumed the positive charge of the particles in the 
acid solution to be due to a preferential adsorption of H ions 
and the negative charge in the presence of alkali to the adsorption 

1 Wood, T. B. and Hardy, W. B., Ptoc. Roy, Soc., vol. 81, p. 41, 1909. 
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of OH ions. Later he abandoned this view, which, however, 
is still held by many chemists. 

Another explanation of the coalescence of the particles which 
have lost their electrical charge was given by Bredig on the basis 
of surface tension changes. The surface tension at the boundary of 
a micella and water is diminished when the particles are elec- 
trically charged and reaches a maximum when the charge is 
annihilated. Since at the isoelectric point the electrical charges 
of the particles are nil the surface tension at the boundary of 
particles and water must be a maximum and as a consequence 
two isoelectric particles upon coming in contact are forced to 
coalesce; while the particles will not coalesce when the surface 
tension is low.^ 

It is, however, doubtful whether the coalescence of the non- 
charged colloidal particles is due to surface tension effects. 
Zsigmondy 2 points out that Powis^^ observations on the precipi- 
tation of droplets of oil emulsion by salts make it more probable 
that the coalescence is due to forces of attraction between the 
droplets, since in commencing flocculation the individual oil 
globules only adhere to each other without coalescing into larger 
droplets. 

Colloids can, however, be flocculated by salts even if their solu- 
tion is not at the isoelectric point. In this case Hardy assumes 
that the addition of the salt lowers the potential difference 
between the colloidal particle and the solvent. Schulze, Linder 
and Picton, as well as Hardy^ had found that the ion which is 
responsible for the flocculation has always the opposite sign of 
charge to the colloidal particle, and moreover, that the coagulative 
power of the ion increases rapidly with its valency.^ This rule 
was considered to strengthen the adsorption theory. 

It was assumed that the micellae possess an electrical charge 

1 Michaelis, L., ^^Die Wasserstoffionenkonzentration,” pp. 49-50, Berlin, 
1914. 

2 Zsigmondy, R., ‘‘Kolloidchemie,'’ 2nd ed., p. 63, Leipsic, 1918. 

3 Powis, F., Z. physik. Chem., vol. 89, pp. 91, 179, 186, 1915. 

4 Hardy, W. B., Proc. Roy, Soc., vol. 66, p. 110, 1900, J. Physiol., vol. 
33, p. 251, 1905-06. 

® For the details and the literature see Burton, E. F., ‘‘The Physical 
Properties of Colloidal Solutions," 2nd ed., London, New York, Bombay, ■’ 
Calcutta, and Madras, 1921. 
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^ For a full prmaitatHai of Ihi* rali4orptif»fi i|i«‘«u'y iIp- m i*. 

Banceoft, W. D., '‘Applied (’heiiimiry;' Xrw , l/.srO*.*. ryq 

in this scrieM, and foLKwm, \V. C. i1,vta» -4 ^ 

2n(l ed., vol. 1, p. ,145, I^mdon, NVw Verk, Ikifehuv. i .4^ no.i .^4 %t.i4t..- 
T920. 

^Loe«, J., J , Gen. PhyninL, Vfd. 1, p. C»o7. pj'in :f| , y | . 
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|» h. vj, vok 27. p. .'gifi, IsaO; %‘c»l. 2H, p. 21(1, IHIM. 

* F,ni.i, IV,, I'tnt-’fhr, Hiiiixtrn'iHH, Knrarhttutj^ ved, 4, p, 222, HH2. 
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bromides, and nitrates than in water, while in acetates, tartrates, 
citrates, or sugar it swells less than in water. R. S. Lillie^ arranges 
ions according to their depressing eiffect on the osmotic pressure 
of gelatin solution in the following way: 

Cl>S04>N03>Br>I>CNS 

These series^ again betray no relation to the stoichiometrical 
properties of the ions. As long as these Hofmeister ion series 
were believed to have a real existence it seemed futile to decide 
for or against a purely chemical theory of the behavior of colloids 
since even with a bias in favor of a chemical theory the Hof- 
meister series remained a riddle. 

The writer believes that he has removed these difficulties by 
using protein solutions of equal hydrogen ion concentration as 
the standard of comparison. 

In this way it was found that a number of authors had errone- 
ously attributed the effects of an alteration of the hydrogen ion 
concentration upon the, physical properties of a protein to a 
difference in the specific action of the anion or cation added. 
Thus it was always believed that acetates have almost as great a 
^ dehydrating’^ action as sulphates, but it was overlooked that 
acetic acid is a weak acid, and that in the experiments referred to 
the authors failed to compare the effects of SO4 and CH3COO at 
the same hydrogen ion concentration. When this error is 
avoided it can be shown that acetates influence the swelling, 
osmotic pressure, and viscosity of protein solutions in the same 
way as chlorides or nitrates, but not in the same way as sulphates; 
in other words, anions of the same valency act alike. ^ 

By taking into consideration the hydrogen ion concentration 
it was possible to show that the assumption of specific differences 
in the action of different ions of the "'same valency and sign of 
charge was due to a methodical error; and that the Hofmeister 
rule must be replaced by a simple valency rule, according to 
which only the valency and sign of charge of an ion influence the 
colloidal behavior of a protein but that the other properties of 

1 Lillie, B. S., Am. J. Physiol., vol. 20, p. 127, 1907-08. 

2 A fuller discussion of these series is found in Hober, R., '‘Physikalische 
Chemie der Zelle und der Gewebe,” Leipsic and Berlin, 1914. 

^Loeb, J., J. Gen. Physiol., vol. 3, p. 391, 1920-21. 
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the ion have no influence as long as no constitutional change in 
the protein molecule occurs. 

This fact established a complete harmony between the results 
of the titration experiments and the influence of ions on the phys- 
ical properties of gelatin. In the titration experiments it had 
been found that at a hydrogen ion concentration of above 2 X 
10~^N weak dibasic or tribasic acids generally combine with a 
protein as if they were entirely or chiefly monobasic. Hence, the 
anions of the protein salts formed with these weak dibasic or 
tribasic acids, e.g.j phosphoric, citric, tartaric, succinic, were 
monovalent, and it was found that the osmotic pressure or 
viscosity of solutions of protein phosphates were the same as 
those of protein chlorides for the same hydrogen ion concentration 
and the same concentration of originally isoelectric protein. 

On the other hand, the titration experiments showed that the 
anion of protein sulphate is dibasic and it was found that the os- 
motic pressure and viscosity of protein sulphate is less than one-half 
of that of protein chloride or phosphate or succinate, etc., at the 
same hydrogen ion concentration and the same concentration 
of originally dsoelectric protein.^ 

In this way the influence of ions on the physical properties of 
proteins, especially in the case of gelatin, turned out to be in 
harmony with the results of titration experiments. In the case of 
gelatin and apparently also crystalline egg albumin, only the 
valency but not the nature of the ion in combination with the 
protein influences its properties. The statements to the con- 
trary were due to two errors, first and foremost, the failure to 
measure the hydrogen ion concentration of the protein solutions, 
and second, the confusion of phenomena of solubility with phe- 
nomena of colloidal behavior. 

5. The Aggregation Hypothesis 

It was perhaps not very fortunate for the development of a 
theory of colloids that the attention of investigators was focussed 
especially on the phenomena of precipitation. Since precipita- 
tion is due to an aggregation of particles it over-emphasized the 
significance of aggregate formation. This led, as we have seen, 
to^the erroneous idea that proteins do not combine stoichiome- 

^Loeb, J., J. Gen, Physiol., vol. 3, pp. 85, 247, 1920-21. 
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trically with other com pom ids, since aggregates wore assumed 
to react only at their surface — an assumption which, as already 
stated, is not warranted in the case of proteins, since protein gels 
are freely permeable to crystalloids. It led, however, to another 
equally fatal idea, that this aggregate formation would explain 
all the colloidal phenomena. Thus when R. S. Lillie^ made the 
important observation that neutral salts depress the osmotic 
pressure of gelatin solutions, it seemed natural to explain this 
fact from the precipitating action of salts, by assuming that the 
addition of salt caused an aggregation of gelatin molecules or ions 
into larger aggregates. This would lead to a diminution of the 
number of particles in solution. But it was also found that the 
addition of salts depresses the viscosity of protein solutions and 
the swelling of solid proteins. We shall see later that the 
formation of aggregates out of isolated protein molecules or ions 
increases the viscosity of a gelatin solution. ^ Hence, if the addi- 
tion of a salt to a protein solution diminishes its osmotic pressure 
by causing an increased formation of aggregates the same addi- 
tion of salt should increase the viscosity of such a solution. The 
reverse, however, happens, the viscosity of the sojution being 
decreased by the addition of salt. 

There is nevertheless a connection between the phenomena of 
precipitation and the depressing effect of salts on viscosity, 
osmotic pressure, and swelling of proteins. Schulze, Linder and 
Picton, and Hardy had observed that in the precipitation of 
colloids that ion is active which has the opposite sign of charge 
from the protein particle, and that the efficiency of the active 
ion increased with its valency. The same rule applies to the 
depressing action of salts on the osmotic pressure, viscosity, and 
swelling of proteins. By trying to explain these latter effects 
from the precipitating action of salts the colloid chemists put the 
cart before the horse, and were led into a hopeless contradiction 
with the facts. We shall see that by taking the reverse step, 
namely, of explaining the precipitating action of salts from their 
depressing action on osmotic pressure and p.n. of protein solu- 
tions, everything becomes clear and consistent. But this step 
could not be taken as long as the belief in the adsorption theory 

1 Lillie, E. S., Am. J. Physiol., vol. 20, p. 127, 1907-08. 

2Loeb, J., J. Gen. Physiol,, vol. 4, p. 97, 1921-22. 




of (*f>Iloicls pr(‘\'ailiMl. Tho rjua.ntitutiv(‘ (‘Xplanatirjn of Iho 
loidal hohavi(U’ proloios to Ih* ^iv(*n in tliia hook ro-sfa c»ii tlio 
proof that I hoy form Inn* ionizahk* salts witli acid: and alkalies. 

(k lk\I'LfV H VDUA'ricoV ddlKOUV 

Laquour and Saokurd in stodyinii; the influonoo of the addition 
of ditfVnaif (pjantitios <jf Xa< )H to a ^j^ivori mass 0 } ('a; c}in 
mssumod o(a'na*tIy that the two suhstanoos oomhiisod t<j form 
sodium oasoinato. dlio viscosity of the Sinlitmi rasidnafo solti 
ficjn was hi|i:h and it varita! in a pocidiar way wifli the quantity of 
XaOH added to the* casein. When little Nat >11 was added, tlie 
viseosits’ inereas(*d at first with an increase* in the quantity oi the 
Nat )H adehal uni il a maximttm was reaedied, when ( !i<* addit ion ot 
more* XaOH diminished the viscosity a^ain. This juutin is a 
fundamcaital fact which has .sim’e* hem eonfirnnal for the* influ 
(‘Uee of a<’iels aiiei alknli<*s not only upon the* vise-osity hut also 
ujK>n cd!ie*r prop(‘rtie*s (d prote*ins and which hedds ned otdy for 
(*ase*in hut appare*nlly fear all proteins. 

La<tue*tir ami Sae‘kur f^xplainesl the*ir re.sulfs <m the* lutHtH of 
I{eyhe‘r^s'- e*xpe*riine‘nf s on tlie* visee^sify of solid iems of fatty 
Uf'ids. I{e*yhe*r !iael hnmel that the visea^sity of sedutiems e»f salts 
of the* fadty ae*ieis is ^!*e*a!e*r tlian that <d’ sedufions e>f fatty ae^ieis 
themse*lve*s; and since* the* salts of the* fatty ae’iels unde‘r|<e» e*I<*c‘ 
trolytie* eiissea'ialion te» a mue’h ji^re*a te*r e*xte*nt than the* ae*ids it was 
u-Hsumod tliaJ: the inensnse* in vis<*o.sity is de»tea*mim*el chii'fly hy 
the ionizafiort. l4U|Ueur and Saekur made* the* .saane* aHsumfdimi 
for the* eas<*in seduliorts, attrihuting tin* hiiLisfi visceedty of <‘a.M*iii 
HcdutioiiH to the* t*a.He*iri ienis, a.ml they* .snppeirt- tlH*ir aHsumpfiofi 
Ijy the* fae’t. Iha.t the* aelefithm of little* Xa.<)l! te» e'a.He*in a.f first 
iniTcaHcs flic* viscosity' tirdil a ma-ximum is re*ach<*el am! that tin* 
additieni of more* XaOfI <liininishe*s the* vise»osily a.|i:aifi.. A eliiid- 
imtion of visceKsity' ceaihi also he* prealue’cei hy* the* aelelitiem of 
nenif ral Ha.If to the sediitiem of Xa cus.e*inafe. Iaie|Uf*iir ami Hacktir 
iiHsume that this drop in the* %*ise’osify is e’auscel hy 11 lowering of 
t-he* degree of edi*e*tredytie* elissea'iat ieui of the* Na caseiiiafe hy^ tin* 
Na ion of the NaOII or NaC’l ueleletl in f*xee*Hs, 

M^AOCKI’H, Iv 'Old S^CKca, (),, iittir. t'Urm, I*htistnt, li, /'fil/ifi/,, viti, 3, 

p. liY.y 1003. 
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The idea that the viscosity of protein solution depends primarily 
upon the protein ion was accepted by W. Pauli/ who made the 
additional hypothesis that each protein ion is hydrated; i.e,, 
that each individual protein ion is surrounded by a considerable 
shell of water. Pauli worked with blood albumin which had 
been freed from salts by a dialysis continued for several weeks. 
When he added acid to water-soluble albumin, the viscosity 
increased first from 1.0623 for the pure albumin solution to 
1.2937 when the concentration of HCl added to the albumin 
solution was 0.017 n. When the HCl concentration was in- 
creased to 0.05 N the viscosity was only 1.1667. The following 
figures give the data according to Pauli : 

Concentration of HCl 0.0 N 0.005 N 0.01 N 0.012 N 0.017 N 0.02 N 0.03 N 0.04 N 0.05 N 
Viscosity 1.06231.2555 1.233 1.274 1.2937 1.2770 1.224 1.1822 1.1667 

Pauli assumed that the protein ions are surrounded by a jacket 
of water, while the non-ionized molecules of protein he assumed 
not to be hydrated. Addition of a little HCl to isoelectric 
albumin would cause the transformation of non-ionized albumin 
into albumin chloride which is highly ionized and hence assumed 
to be highly hydrated; the more acid is added the more albumin 
chloride and the more hydrated albumin ions should be formed. 
Hence, the viscosity should at first increase with the quantity 
of acid added, until a point is reached where the addition of more 
acid represses the degree of electrolytic dissociation of the albu- 
min chloride on account of the high concentration of the Cl ion 
common to both protein chloride and HCl. 

If we intend to use these ideas for the explanation of the influ- 
ence of the valency of ions on the physical properties of proteins 
we are compelled to assume that the degre^ of electrolytic 
dissociation" of gelatin salts with bivalent ions is lower than that 
of gelatin salts with monovalent ions. Since, e.g.^ the viscosity 
of gelatin chloride solutions is considerably higher than the 
viscosity of gelatin sulphate solutions of the same hydrogen ion 
concentration and the same concentration of originally iso- 
electric gelatin, we should have to conclude that the degree of 
electrolytic dissociation of gelatin sulphate is considerably less 
than that of gelatin chloride. 

^ Pauli, W., Fortschr. naturwiss. Forschung, vol. 4, p. 223, 1912; '‘Kol- 
loidchemie der Eiweisskorper,” Dresden and Leipsic, 1920. 
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The writer put this theory to a test by measuring the electrical 
conductivity of solutions of different gelatin salts at different pH, 
with the result that the parallelism between the concentration of 
protein ions and the physical properties of proteins demanded 
by Paulies theory could not be demonstrated (see Chap. VII). 
Lorenz,^ Born,^ and other authors have recently reached the 
conclusion that the idea of a hydration of ions is not tenable in 
the case of polyatomic ions.^ 

The increase in viscosity of certain protein solutions through 
the addition of acid or alkali to isoelectric proteins is caused 
by the ionization of proteins, but the connection is not the di- 
rect one suggested by Laqueur and Sackur but an indirect one 
due to the role of protein ions in the establishment of a Donnan 
equilibrium. 


7. Donnan^s Membrane Equilibrium 

With the proof of the stoichiometrical character of the com- 
bination of proteins with acids and alkalies the explanation of 
colloidal behavior on the basis of the adsorption theory becam.e 
untenable and another theoretical basis had to be found. The 
explanation offered in this volume is based on Donnan^s theory 
of membrane equilibria. 

Donnan^ has shown that when a membrane separates two 
solutions of electrolytes one of which contains one ion which 
cannot diffuse through the membrane while all the other ions 
can diffuse through the membrane, the result will be an unequal 
distribution of the diffusible ions on the opposite sides of the 
membrane. At equilibrium the products of the concentrations 
of each pair of oppositely charged diffusible ions are the same on 
the opposite sides of the membrane. This unequal concentration 
of the crystalloidal ions must give rise to potential differences 

1 Lorenz, P., Z. Elehtrochem.y vol. 26, p. 424, 1920. 

2 Born, M., Z. Elektrochem., vol. 26, p. 401, 1920. 

3 The term ^'hydration’’ is often used in colloid chemistry in a vague 
way to designate such phenomena as the swelling of proteins which is a 
purely osmotic phenomenon. It is obvious that it can only lead to confusion 
if the term hydration is used for osmotic pressure. In this volume the term 
hydration is only used in the sense of Kohlrausch and Pauli. 

^ Donnan, F. G., Z. Elektrochem.j vol. 17, p. 572, 1911. 
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and osmotic forces, and we intend to show that these for 
furnish the explanation of colloidal behavior. 

It may be best to quote Donnan^s theory in his own words: 


“We suppose that the membrane (indicated in the following diagr 
by a vertical line) be impermeable for the anion E of a salt NaR ([ 
also for the non-dissociated part of the salt NaR), but permeable for 
the other ions and salts to be considered in this connection . 

“Suppose that in the beginning we have a solution of NaR on one s 
of the membrane (indicated by a vertical line) and of NaCl on the ot’ 
side 

+ 


Na 

R 

( 1 ) 


Na 

Cl 

(2j 


In this case NaCI will diffuse from (2) to (1). In the end the follow; 
equilibrium will result: 


Na 


R 

Cl 

( 1 ) 


-f- 

Na 


Cl 

(2) 


“When this equilibrium is established the energy required to transpi 

+ 

reversibly and isothermally 1 grammolecule Na from (2) to (1) equ 
the energy which can be gained by the corresponding reversible a 

isothermal transport of a grammolecule. Cl. In other words, we c( 
sider the following infinitely small isothermal and reversible change 
the system : 

5n MolNa (2) (1) I 

i SnMolCl (2) (1) J 

“The energy which can be gained in this way (i.e., the diminution 
free energy) is zero, hence: 

6n-RT log + 5n-RT log = 0 
[Nall [Cl]i 

or 

[Nal2-[C1]2 = [Na]i-[Cl]i ( 

where the brackets signify molar concentrations.” 
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This last equal inn is litn (a|»ilil)ntun i'qu;i ii(nj whic'h hUiU^h 
tluit the produel of the eone<uit rat ions of n fKiir of <lilTusihlc‘- 
caitioiiH and anions on (Uk* sidt* oi the inenduane i>o<|n«|l thci 
product of t he concent rat haiH of tli(‘saine pair cjf diffti.sihl(‘ unions 
and cations on tli<* other sickn Siiicc^ <ui the sidt* oi t.h(» non- 
diffusible (protein) anhut flu* concent rat ieni ol cations Na, is tii(i 
sum of th(‘ cations in (‘omhination with the non»diH usihh^ anion 
plus the cations in coinhinution with the* (1, while on t,h(‘ otlun* 
side of the mend)ran(* the* conecuit raiiem <ef the* Ka ions is only tiuit 
of Na in c.omhinatiem witli t’l anel ecjual to the* e'emeeuit ration of 
Cl, it is obvious that Dorman^s eepiation (1) (‘an only be fulfilkai 
if 

f- \ 

iNahMKah 

and 

This incTjuality of cone*c*rd ration of tlie dilTuHilile ions on the 
opposite* sides of the* membrane* a.e(*(mritH, ns we shall sea*, for the 
influemeai of e*l(*etrolvte*s on all theest* pro|iertie*s which colloid 
cheunistry has vainly triesl te) explain on the banis of t.he^ disper- 
sion and liydration hyjK>th(»ses. dlie readeu- will notic*(^ t.hat the^ 
(5HH(*ntial e-ondition dedeTinining tin* (‘epiilibriiun is the (*xistenc(^ 
of two j>has(‘H sefharatesl by a. mmnbraiH% one phase containing 
an ion which cannot difTtise* throeigh a mf*mbranf* which is emsily 
pcnne;ahh^ feu’ all tin* oth(*r ie>ns. 

This difTe*re‘nce in the* conea*ntnif iem of the* cliffusildc ions on 
opi'Kxsitet .sid(‘H e^f tlu* me*mbran<* must h%ad to potential difTc*r<*nc(^H 
on op|K>site! side‘.s e^f the* m(*mbrane and Doniean hIiowh that, this 
difTc*rence must be* (on the* basis ed Nernsf*H we*ll»known formula) 


TTi 


liT , [Nab 


; hm 


IXah 


IJT |. ■II, 

|l'll= 


■or since* 


irr 

F 


5K millivolts (at roean fe*ifip«*nit lire*) f lie* poicuiiial 


diffiirenccton opposifi* side*s of lla*me*mbrane*sfanild iic in millivoli.B 


ITl — 


INiil, 
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The writer has tested this consequence of Donnan’s theory 
for solutions of protein salts separated from water by a collodion 
membrane, with the result that the theory was completely 
confirmed. Through these measurements of the membrane 
potentials the correctness of Donnan’s theory was proved beyond 
doubt. 

It may be pointed out that it is not necessary that the non- 
diffusible ion be a colloid; it is only necessary that there be a 
membrane which prevents one ion from diffusing; it is immaterial 
whether or not this latter ion be a crystalloid or a colloid. If we 
had a membrane impermeable for a SO 4 ion but permeable for 
Na and Cl ions, solutions of NaCl and Na2S04 separated by the 
membrane would give rise to the Donnan equilibrium, and the 
Na2S04 solution would probably resemble a solution of Na pro- 
teinate in regard to certain features of colloidal behavior, e.g., 
osmotic pressure and p.d. against water. 

Donnan and his collaborators proved the existence of the 
inequality of the concentration of the diffusible ions of two salt 
solutions on the opposite sides of a membrane when one of the 
ions was not able to diffuse through the membrane. Thus 
Donnan and Allmand investigated 

^Hhe distribution of potassium chloride between two compartments 
separated by a copper ferrocyanide diaphragm, one compartment of 
which contained potassium ferrocyanide (the membrane being imper- 
meable to the Fe(CN)6 ion). The higher concentration of potassium 
chloride on the side free from potassium ferrocyanide, and the relation 
of this unequal distribution to the concentration of the chloride and 
ferrocyanide, were experimentally established. The results obtained 
agreed, in general, with the view of membrane equilibria proposed 
by Donnan, but a discussion of the distribution da^ combined with 
electromotive-force measurements appeared to show that, at all events 
in the case of a copper ferrocyanide membrane and potassium ferrocy- 
anide solutions, the phenomena are not so simple as supposed in the 
theory.''! 

More recently Donnan and Garner^ investigated the equilib- 
rium concentration of solutions of Na and K ferrocyanides and 
of Na and Ca ferrocyanides across a copper ferrocyanide mem- 

! Donnan, F. G. and Allmand, A. J., /. Chem. Soc., voL 105, p. 1963, 
1914. 

2 Donnan, F. G. and Garner, W. E., J. Chem. aSoc., vol. 115, p. 1313, 1919. 
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brane, and the results were in general agreement with Donnan^s 
theory. They also investigated a liquid membrane, namely, amyl 
alcohol, and the electrolytes employed were KCl and LiCl. 

far as the preliminary experiments go, the equilibrium concentra- 
tion of the Li and Cl ions and the undissociated part of the electrolyte 
agree with Donnan’s theory.” 

We shall see that Donnan’s theory explains the influence of 
electrolytes on the physical properties of proteins. He foresaw 
the bearing which his theory was likely to have for colloid chem- 
istry and physiology, as is shown by the following remarks. 

‘‘In this paper' an attempt is made to describe ion equilibria which 
are bound to occur when certain ions (or their corresponding non- 
dissociated salt) cannot diffuse through a membrane. Such equilibria 
possess a great importance for the theory of dialysis and of colloids 
as well as for the mechanism of the cell and for general physiology.” 

As far as the writer is aware, Procter and J. A. Wilson were the 
only authors who attempted the application of Donnan^s theory 
to colloidal problems. 

Procter^ proposed in 1914 an ingenious theory of swelling 
based on Donnan’s membrane equilibrium. According to this 
theory the force which causes the entrance of water into the gel 
and thus determines the swelling is the osmotic pressure of the 
excess of crystalloidal ions inside over that outside the gel, this 
excess being caused by the Donnan equilibrium. The opposing 
force which limits the swelling is the force of cohesion of the 
colloidal particles. 

According to Procter, the gelatin ion constituting a jelly of 
gelatin chloride cannot diffuse and hence can exercise no osmotic 
pressure, while the chlorine anions in combination with them are 
retained in the jelly by the electrostatic attraction of the gelatin 
ion, but exert osmotic pressure. This difference in the diffusi- 
bility of the two opposite ions of gelatin chloride gives rise to the 
establishment of Donnan’s membrane equilibrium. 

Procter put solid gelatin chloride into a watery solution of 
HCl and determined by titration the distribution of free HCl 
inside the gel and outside at the time of equilibrium. In this 
case there exists inside the gel free HCl and gelatin chloride, out- 

^ Procter, H, R., J. Chem. Soc., vol. 105, p. 313, 1914. Procter, H. R, 
and Wilson, J, A., J. Chem, Soc.j vol. 109, p, 307, 1916. 
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side HCL The relative concentration of free HCl inside and out- 
side at the time of equilibrium is determined by the equation for 
the Donnan equilibrium 

== y {y z) (1) 

where x is the concentration of the H and Cl ions in the outside 
solution, y the concentration of H and Cl ions of the free HCl 
inside the gel, and z the concentration of Cl ions in combination 
with the gelatin cation, x and y can be determined experi- 
mentally and z can be calculated with the aid of the equation. 
In other words, the distribution of the H and Cl ions on the 
opposite sides of a membrane is such that the" product of the 
concentrations of the pair of oppositely charged ions is equal in 
both phases. 

“The gelatin salt, like other salts, is highly ionised into the anion and 
a colloid cation, which either from polymerisation or other causes 
peculiar to the colloid state cannot diffuse and exerts no measurable 
osmotic pressure, whilst its anion is retained in the jelly by electro- 
chemical attraction of the colloid ion, but exerts osmotic pressure which, 
on the one hand, causes the mass to swell with absorption of the external 
solution, and, on the other, expels a portion of the acid, both anion 
and hydrion, from this solution absorbed, the result in equilibrium being 
that the jelly is poorer in hydrion and more concentrated in anion than 
the external acid solution, the difference of concentration between 
anion and hydrion in the jelly being, of course, equal to the ionised 
anion of the gelatin salt, and electrically balanced by the positive 
gelatin ions; whilst the hydrion concentration in the jelly is less than 
that of the outer solution by the amount of acid expelled.^ 

By establishing a connection between the volume of the gel 
and the observed values of x and y, Procter and Wilson were able 
to calculate the effect of different concentrations of HCl on the 
swelling of gelatin, and they could show why little acid increased 
the swelling until a maximum was reached and why the addition 
of more acid depressed the swelling. They could further show why 
the addition of neutral salt caused a depression of the swelling. 

It is of interest to inquire why this theory of swelling was not 
accepted and only rarely mentioned in the colloidal literature. 

1 pROCTEH, H. E. and WmsoN, J, A., J, Ohem, Soc.^ vol., 109, pp. 309-*310, 
1916. 
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In the first place, the application of Donnaii’s theory to the 
behavior of proteins requires the proof that proteins form true 
salts with acids and alkalies and that these salts dissociate 
electrolytically into a protein ion and a crystalloidal cation or 
anion. Such an assumption was in conflict with the adsorption 
hypothesis accepted by the colloid chemists. Moreover, the 
application of the Donnan theory to proteins tacitly implied 
that only the valency and sign of charge should have an effect 
on the proteins, while the nature of the ion should have no 
effect; and this was in conflict with the belief in the Hofmeister 
ion series. But even authors, like Robertson, who was a cham- 
pion of the purely chemical conception of the behavior of proteins, 
refused to accept Procter's theory of swelling. 

“There should be a measurable potential difference between the 
gelatin jelly and the external medium. This potential difference has 
been sought for by Ehrenberg who was unable to detect any measurable 
potential between the interior of a jelly and the external medium.'^^ 

This gap has been filled by the writer^s experiments, which 
have demonstrated the existence of this potential. The writer 
has not only been able to furnish support for Procter's theory 
of swelling but has also been able to show that the potential 
differences across a membrane separating a solution of a protein 
salt from pure water fully support Donnan’s theory.^ When we 
have a solution of a gelatin-acid salt with monovalent anion, 
e.g., gelatin chloride (or gelatin phosphate) inside a collodion bag 
which is dipped into pure water, the hydrogen ion concentration 
as well as the anion concentration on the opposite sides of the 
membrane are different when osmotic equilibrium is established. 
The writer was able to show that the potential differences calcu- 
lated from this difference of the concentration of ions on the 
basis of Nernst^s formula agree with the actually observed p.d., 
and that the calculated p.d. is the same whether based on a 
measurement of the difference in the concentration of the hydro- 
gen ions or of the difference in the concentration of the chlorine 
ions on the opposite sides of the membrane. This latter fact 

Robertson, T. B., “The Physical Chemistry of the Proteins,^’ p. 297, 
New York, London, Bombay, Calcutta, and Madras, 1918. 

2Loeb, J., /. Gen. Physiol, vol. 3, p. 667, 1920-21. 
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seems a complete proof for the correctness of Donnan’s theory of 
membrane equilibrium, and also a further proof for the correctness 
of the purely chemical conception of the combination of proteins 
with acids and alkalies. For unless the proteins form true ioniz- 
able salts with acids and alkalies they cannot fulfill the require- 
ments of the Donnan equilibrium. 

It was, however, possible to go a step further, inasmuch as 
these membrane potentials showed the typical colloidal charac- 
teristics noticed in connection with viscosity, swelling, and 
osmotic pressure, namely, the potential difference across the mem- 
brane was depressed by the addition of neutral salts, was increased 
by the addition of little acid to isoelectric protein, and depressed 
by the addition of more acid; the depressing effect was in both 
cases due to the ion with the opposite sign of charge to that of the 
protein ion, and finally the depressing influence increased rapidly 
with the valency of the active ion — while the other characteristics 
of the ion aside from sign and valency had no effect. In this 
case there was not the slightest doubt that the effects were exclu- 
sively the result of the Donnan equilibrium since they could be 
mathematically predicted and calculated from the equilibrium 
formula. 

The writer was able to show, in addition, that the analogous 
behavior of the osmotic pressure and viscosity of protein solutions 
could be explained and calculated on the basis of Donnan^s 
theory. 

It, therefore, turns out that two laws of classical chemistry 
suflS.ce to explain colloidal behavior quantitatively and mathe- 
matically, and these two laws are the stoichiometrical law and 
Donnan^s theory of membrane equilibria. The proof for this 
statement is the purpose of this volume. 


CHAPTER II 


QUALITATIVE PROOF OF THE CORRECTNESS OF 
THE CHEMICAL VIEWPOINT 

Preparation or Proteins Free from Ionogenic Impurities 

The first problem confronting the chemist is to find a method 
which permits him to settle definitely the problem whether only 
one or both ions of a salt combine with a protein. This decision 
was not possible with the old methods. Those who believe in 
the adsorption theory assume that both ions of a salt are adsorbed 
by colloids and Pauli holds that both ions of a salt are adsorbed by 
the non-ionized molecules of protein.^ 

When a block of gelatin is put into a salt solution, the solution 
enters into the interstices between the gelatin molecules constitut- 
ing the block. When such a block of gelatin is melted, of course, 
both ions of the salt are found, but nobody can tell whether the salt 
found was only the salt contained in the interstices of the original 
gel or whether it was in combination with the gelatin. This diffi- 
culty can be circumvented by using solid gelatin in the form of a 
very fine powder of grains approximately equal in size. When 
such powdered gelatin is exposed to a salt solution for some time, 
we can ascertain with certainty by a process of washing whether 
one or both ions are in combination with the gelatin. After 
a small mass of the powdered gelatin has been exposed to a 
salt solution for about 1 hour, it is put on a filter and perfused, 
with stirring, about six times or more with 25 c.c. of ice-cold 
distilled water. The water must be cold since otherwise the 
granules will coalesce, rendering the process of washing futile. 
By this procedure it is possible to remove the salt solution 
between the granules of gelatin, without removing the ions in 
chemical combination with the gelatin — at least not by the six 
washings. By using this method of washing we can ascertain 
^ Pauli, W., Fortschr. natwrwiss. Forschung, vol. 4, p. 223, 1912. 
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whether both or only one of lie* two o|)poi^4le!y iMiiv uf n 

salt enters into combination wifli ^rlaUn. 

Such experiments show thal at a, ^iven hydrogiMi rMumiirM- 
tion either the cation or only tin* union or neitlirr ion mn r*>MjOiiii- 
with a protein; and that it di'pends sololy cm tla* tiy»lrM|*rfi imh 
concentration of the solution which oi thclhrr‘c|MiHHil *iliti* ^ \r i o 

Proteins are aini)hot<‘ri(* (*I<‘cl r<»Iytcs which I'xisi in thi* t , 
according to their hydrogcui imi cmn’cntnifimu 'O .. .:i- 

non-ionogeni (5 or iso(‘l(‘ctric pnMcin; iff) nicta! |iroio:iiniiP- 
Na or Ca proteinatc); and (r) protciieacid o .*]., pfrifriii 

chloride, protein sulphate, t‘tc.). We will um- gi'bfiii im ilhe-' 
tration. At one (l(‘iini(»4 hydrogen ion concent rat join liaiirelvn 
that of the isocbadric. point, which in the ra^e of h*"'^ at 

10~4.7N (or in S^nuisenb logarithmic symbol at pi I 
can combine jtraciically witli laather anion ii(*r cai iMU of i%n 
trolyte. At a pH >4.7, gc*Iatin can I’oinbiiie e»iily witli 
(forming rnotal gelatimite, c.(/., Xa gelatiiiatei : .’it ;% pH ^ 4 , 7 , 
gelatin combincB with ariiotm (forming idiloriihn r-irv, 

This was proved in the following way: of I gim of finely 

powdered comrnereiiil gelatin (going throiigh sifW‘e IMI tuit not 
through 80), which hap|Kuual to have a |»II of 7 Jl, ^vrnt linniglii to 
•different hydrogen ion coiicentTfitiorm by I'Hitfiiig itierii for 1 iioiir 
at about 15®(1 into 100 c.c. of HNOgSoltitiofiH viiryiiig in rfinren* 
tration from m/8,192 to m/8. Owing to flic llnniifiii 
rium the hydrogen ion concentration iriHiile a geliifin grarinli' 
lower than that outside. Aft(*r thm, eacli dime of 1 gut, nf geliitiii 
was put on a filter, the acid l)cdng allowed to driiiii tiff, iinil mrh 
dose was washed once or twice with 215 e.c. of colil wiifi^r Cut fi't ^ 
or less) to remove the greater pari of the arid tietwri*ii flic 
granules of the powdertnl gelatin. Thei^i* different of 

originally 1 gm. of gelatin, each of which riom^ |io^t<eifHed 11 
pH, were put for 1 hour each into 11 se|iiiriife lieiiker rmituimm 
the same concentration, e.g., m/ 04> of stiver nit rule iif » f * 
ature of 15®C. Each dose of powdered gelrifin wiis then jitit on % 
filter and washed with stirring six or eight times earli with 2fi f\r 
of ice-cold water. This washing mrvm the pmimm* u( removing 
the AgNOg held in solution between the graniiles, tlms iilliwitig 

^Loeb, J., J. (hn, Phyiml, vol. 1, pp. an, 2.17, IfOH 10. vei 

52, p, 449, 1920. J. chim, phymqufs^ voL 11, p, 2m, lirif). 











then washed with cold water. All the samples of gelatin solution of pH <4.7 turned blue 
(through the formation of some ferric salt), while all the gelatin solutions of pH 4.7 or above 
remained colorless. 
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US to ascertain where the Ag is in combination with gelatin and 
where it is not in combination, since the Ag not in combination 
with gelatin can be removed by the washing while the former can- 
not, or at least only extremely slowly (by altering the pH). 
After having removed the AgNOs not in combination with gelatin 
by washing with cold water, the gelatin is melted by heating 
to 40°C., enough distilled water is added to bring the volume of 
each gelatin solution to 100 c.c., the pH of a sample of each solu- 
tion is determined potentiometrically, and the solutions are 
exposed in test-tubes to light, the previous manipulations having 
been carried out in a dark room (with the exception of the deter- 
mination of pH, for which only part of the gelatin solution was 
used). In 20 minutes all the gelatin solutions with a pH >4.7, 
^.e., from pH 4.8 and above, upon exposure to strong light become 
opaque and then brown or black, while all the solutions of pH < 
4.7, i.e., from 4.6 and below, remain transparent even when 
exposed to light for months or years (Fig. 1). The solutions of 
pH = 4.7 become opaque, but remain white, no matter how long 
they may have been exposed to light. At this pH — the isoelectric 
point — gelatin is not in combination with Ag, but it is sparingly 
soluble. Hence, the cation Ag is only in chemical combination 
with gelatin when the pH is >4.7. At pH 4.7 or below gelatin 
is not able to combine with Ag ionogenically. This statement 
was confirmed by volumetric analysis. 

The same tests can be made for any other cation the presence 
of which can be easily demonstrated. Thus, when powdered 
gelatin of different pH is treated with NiCU, and the NiCl 2 not 
in combination with gelatin be removed by washing with cold 
water, the presence of Ni can be demonstrated in all gelatin 
solutions with a pH >4.7 by using dimethylglyoxime as an indi- 
cator. All gelatin solutions of pH of 4.8 or above assume a 
crimson color upon the addition of dimethylglyoxime, while all 
the others remain colorless. If we use copper instead of Ag or 
Ni as a cation, treating gelatin with copper acetate, and washing 
afterwards, the gelatin is blue and opaque when its pH is 4.8 or 
above, but is colorless and clear for pH <4.7. Most striking are 
the results with basic dyes, e.^., basic fuchsin or neutral red, after 
sufficient washing with cold water; only those gelatin solutions 
are red whose pH is above 4.7, while the others ,are colorless. 


2A^Z 
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On the acid side of the isoelectric point, i.e., at pH <4.7, the 
gelatin is in combination with the anion of the salt used. This 
can be demonstrated in the same way by bringing different doses 
of powdered gelatin to different pH and treating them for 1 hour 
with a dilute solution of a salt whose anion easily betrays itself, 
e.g.j m /128 K 4 Fe(CN) 6 . If after this treatment the powdered 
gelatin is washed six times or oftener with cold water to remove 
the re(CN)6 not in chemical combination with gelatin and if 1 
per cent solutions of these different samples of gelatin are made, 
it is found that when the pH is <4.7 the gelatin solution turns 
blue after a few days (due to the formation of ferric salt), while 
solutions of gelatin with a pH of 4.7 or above remain permanently 
colorless (Fig. 2). Hence, gelatin enters into chemical combina- 
tion with the anion Fe(CN)6 only when pH is <4.7. The same 
fact can be demonstrated through the addition of ferric salt when 
gelatin has been treated with NaCNS, the anion CNS being in 
combination with gelatin only where the pH is <4.7. Acid dyes, 
like acid fuchsin, combine with gelatin only when the pH is 
< 4 . 7.1 

In this way it can be shown that when the pH is >4.7 gelatin 
can combine only with cations; when the pH is <4.7 gelatin can 
combine only with anions, while at pH 4.7 (the isoelectric point) 
gelatin can combine with neither anion nor cation. The idea 
that both ions are adsorbed or combine with a protein simultane- 
ously is no longer tenable, since otherwise both ions of the salt 
should have been discovered on both sides of the isoelectric point. 

It follows also that a protein solution is not adequately defined 
by its concentration of protein but that the hydrogen ion con- 
centration must also be known, since each protein occurs in three 
different forms — possibly isomers — according to its hydrogen 
ion concentration. 

Let us now return once more to the experiment in which doses 
of powdered gelatin were brought to a different pH and subse- 

^ In these experiments it may happen that a few individual granules do 
not give off their stain at the isoelectric point or on the alkaline side of the 
isoelectric point, due probably to experimental shortcomings. When the 
gelatin is melted the solution may show an indication of red. The difference 
between the gelatin on the alkaline and on the acid side is, however, 
sufficiently striking even if this slight error interferes. 
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gidalifi sohiticiiis with a pH of d.tior l{‘ss to hrin^ thoir pH to d.H 
tn* ahovo. iIm'V will tioi turn hla(d< wlnui (*xpoS(‘d to light, d'his 
sho%vs ihal tin* golatirt (if pH h(‘l<nv -Lh di<l tiot (auitaia ari\^ 
diuiHUisf rahlo c[uantilv of silvor.’ it was (‘<uu*<dv%ahlo that suidi 
grdatin of pH Indow Ijl otudainod Ag in a. non-ion(^g<‘ni(* form. If 
this woro tho (‘as<\ this fa<*( should hav<‘ Indrayaal itsedf in a 
hlac’kiuiing up(m tin* addition of (uaaigh alkali to l)ring the* pi I 
at«j'Vi‘ -1.7. 

Whon wo bring pmvdonsl golatin of pH > 4 , 7 , wliiah has laaui 
troatod with uJrl AgNO.} and washed, ton pH of 4 . 7 , or Ixdovv, 
the silver which was in conil anat ion with th<‘ g(*Iatin cati Ixi 
roniovod hy washing with cold wat<*r, an<l such gclaliit will not. 
turn hlack when suhscapauitly cxf)os(al to light, providcui tho 
wasluiig ha.d hoiat adc([uatc. 

Wlicn wo include that part of the g<‘latin molcctik* which 
raiinot roaef with other elerfrolytes iti hra<dvets, vvhih‘ tin* pa.rt. 
of f!{o uiftkwuh' uhich is f'upahle of naicting w'ith oth(*r chadro- 
Ivfos i- kopt outride the |}ra<4o*ts, we <'an synihoIiz(‘ otir r(*HultH 

ill t ho following W'ay : 

I HOflor! ric gelatin i ontirely iiisiilc the lu'aclods sinci* ah tho 
io»» Irftiie fHiint golalin can I'omhinc neither with aiiions nor with 

f'Jit ioir^-. 

llx rtuHi 

I ill t}a- alkaJins^ d*ie from the iMiclectrie point prnet.ic'nily mdy 
ChiiiH groiipH of the inolf^etile are eapaide of nuieting witli 
of !ii'r *'e>iiiiciiifid- and we represent the pndein moleimlc* on iluH 

^‘ddo in I lie I of lowing form: 

I *| nj;, ir ni<'nia,eo5«»ii of onr only apnroxininfely correct, 

laiiJ-*" a H:%rr f4 uhoulfi alof roiahin*', theorefn-idly fit Icniif, tm the 

f>i He- i;:or|«’rf rc' ; rind ri frao' fit I'jilion on the .neid side, 

'if iii'iif !|,.r If-rOi** pMiiit. As. n nmtterol friet, boivia'er, fluM rannoi 

lir lirfiifiMitfrrUr'il, fboHgh flic ?hf’<»ry of lunphoterw elcrfodyfrii deiniuidf'i 

flail n|i».tr||ii |,r 1^1. 
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[R: 


- NHa 

-COOH 


Such proteins behave as if they were simple (probably polybasic) 
fatty acids, the rest of the molecule not participating in the reac- 
tion. In the presence of a hydroxide, e.g., NaOH, sodium pro- 
teinate is formed 



NH2 I 

COOH -I- NaOH 


[R 


— NH2I 

COONa -H H 2 O 


and the sodium proteinate dissociates electrolytically into a 
protein anion and a Na ion 



— NH 2 

— COONa 


rp-NH: 

L-^— C()( 


— COO-f Na 


When other electrolytes are present they can of course exchange 
their cation with the Na of the protein salt. Our symbol con- 
siders only one COOH group, but it is probable that as a rule 
more than one COOH group of a protein molecule combines 
with alkali (Bugarszky and Liebermann, Sackur, Robertson, 
Sorensen, Pauli, Northrop^- 

On the acid side of the isoelectric point only the NH 2 groups of 
the molecule are capable of reacting with other compounds and 
we represent the protein molecule on this side in the following 
form: 

\j^ — NH2 

Lrv— COOH 


In this form the proteins behave like NH3 which according to 
Werner^ is capable of adding an acid, e.g., HCl, the H ion of the 
acid being added directly to the N while the Cl remains outside 

H 

the ring of the 4H in the following way: HNHCL It has been 

H 

^ Northeop, J. H., J. Gen. Physiol., vol. 3, p. 715, 1920-21. 

2 Werner, A., “ Neuere Anschauungen auf dem Gebiete der anorganischen 
Chemie, 3rd ed., Braunschweig, 1913. 
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shown by W. KosseP and by Langmuir^ that this idea of Werner 
is in perfect harmony with the electronic conception of molecular 
compounds, and we shall give later in this book a direct 
proof that it holds for proteins. We can, therefore, say that on 
the acid side of its isoelectric point the protein particle is able 
to add acid to its NH2 groups in the following form: 



NH2 

CO^I 


+ HCl = 


[Rl 


_NH 2 HC 1 


COOH 


which dissociates electrolytically into a protein cation and an 
anion. 



NH3CI 

COOHl 



"h 

NH3 

COOdll 


+ Cl 


While our symbol indicates only one NH2 group in the mole- 
cule, it is probable that more than one NH2 or NH group is 
capable of adding an acid molecule. 

The simplification in the general chemistry of proteins implied 
in these experiments is considerable. We only need to remember 
that on the alkaline side of its isoelectric point the protein 
behaves as if it were a fatty acid, only one or more COOH 
groups existing in a chemically active form; while on the acid 
side of its isoelectric point we may again disregard the enormous 
protein molecule and go on the assumption that the protein 
consists only of one or a number of NH2 groups, each capable of 
adding the hydrogen ion of an acid. 

It is possible though not proven that the difference in the 
behavior of the proteins on the two opposite sides of the isoelectric 
point is accompanied by an intramolecular change in the protein 
molecule, and that the protein anion in a metal proteinate may 
be considered an isomer of the protein cation in protein-acid salt. 
Such a possibility is suggested by the behavior of indicators the 
electrolytic dissociation of which is accompanied by an intra- 
molecular change. 

When we mix a metal gelatinate, e,g.j sodium gelatinate, with 
another salt, e.g,, MgS04, the Na of the metal gelatinate can be 

’ Kossel, W., Ann. d. Physik, vol. 49, p. 229, 1916. 

2 Langmuir, I., J. Am. Chem. Soc.j vol. 41, p. 868, 1919* 
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replaced by the Mg of the MgS 04 resulting in the formation of 
magnesium gelatinate. The SO4, however, cannot affect the 
properties of Na gelatinate since it cannot (or can practically not) 
combine with the gelatin. When, however, we mix gelatin 
chloride with MgS 04 , only the SO4 can affect the properties of 
the gelatin salt, since the SO4 can replace the Cl in the gelatin 
chloride resulting in the formation of gelatin sulphate.- The Mg, 
however, cannot (or can practically not) enter into combination 
with gelatin chloride and hence cannot affect its properties. 

When we alter the pH of a gelatin-acid salt, e.g., gelatin 
chloride, by adding alkali, e,g,, NaOH, it will cease to be gelatin 
chloride as soon as the pH is 4.7 because at this pH the Cl will be 
given off by the gelatin and the latter will be transformed into the 
chemically inert isoelectric or non-ionogenic gelatin and into 
NaCl. The isoelectric gelatin can combine practically neither 
with anions nor with cations. When we add more NaOH so that 
the pH is >4.7, Na gelatinate will be formed. At no time can 
metal gelatinate {e.g., Na gelatinate) and gelatin-acid salt [e.g., 
gelatin chloride) exist simultaneously (except in traces beyond 
the limits of analytical demonstration). When we have Na 
gelatinate and add acid, e.g.y HCl, the gelatin salt will give off its 
Na and become isoelectric gelatin as soon as pH = 4.7. This 
isoelectric gelatin is chemically inert being practically unable to 
combine with either anion or cation. When we add more HCl, 
gelatin chloride will be formed. 

These experiments show that proteins behave like amphoteric 
electrolytes, forming definite salts with acids or bases, but that 
they cannot combine simultaneously with the cation and the 
anion of a neutral salt. The idea of the existence of adsorption 
compounds between non-ionized molecules of proteins and mole- 
cules of neutral salts is not in harmony with these experiments. 

In 1918 the writer^ published a simple method of preparing 
ash-free proteins based on the fact that at the isoelectric point 
proteins can combine neither with anions nor with cations. 
Hence, if we wish to prepare gelatin or casein free from ionogenic 
impurities, we must bring these proteins in powdered form to the 
isoelectric point and then wash them. This is of importance for 
all industries using proteins as well as for scientific work. In the 

^Loeb, J., J. Gen. PhysioLj vol. 1, p. 237, 1918-19, 
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writer’s work isoelectric protein was always used as the starting 
point for experiments. 

The procedure for preparing isoelectric protein is simple 
enough. It is only necessary to determine the pH of a given 
protein solution potentiometrically, and then to add very gradu- 
ally as much acid or alkali as is required to bring it to the iso- 
electric point. 

The following method was used to prepare larger quantities 
of approximately isoelectric gelatin: 50 gm. of commercial 
powdered Cooper’s gelatin, which happened to have a pH of 
6.0 to 7.0, were put into 3,000 c.c. of m/128 acetic acid in a jar 
at 10°C., and stirred frequently. After 30 minutes the super- 
natant liquid was decanted and fresh m/128 acetic acid at lO^^C. 
was added to equal the original volume. The mass was fre- 
quently stirred, and after 30 minutes the acid was again decanted 
and replaced by an equal volume of distilled water at 5°C. The 
gelatin was well stirred and then filtered by suction through 
towel cloth in a Buchner funnel. It was then washed in the 
funnel five times each with 1,000 c.c. of H 2 O at 5'^C. After all 
the water was drained, off, the gelatin was transferred from the 
Buchner funnel into a large beaker which was then heated in a 
water bath to about 50°C. till the gelatin was melted. The 
concentration of the gelatin was determined by evaporating 
to dryness, using 10 c.c. of the melted gelatin in an electric oven 
at 90 to 100°C. for 24 hours. 

One hundred cubic centimeters of a 1 per cent gelatin solution 
prepared in this way had no more than 1 mgm. of ash — appar- 
ently Ca 3 (P 04 ) 2 , 'i-e., the salt contained in the solution was 
m/30,000. Salt in this concentration does not affect the physical 
properties of proteins, such as osmotic pressure, viscosity, P.D., 
swelling or precipitability as will be shown in this volume. The 
following is a result of an ash determination made by Dr. D. L 
Hitchcock on a sample of gelatin selected at random. The stock 
solution contained 12.69 per cent gelatin. 

Sample No. 1 Sample No. 2 


Volume of solution 20 c.c. 10 c.c. 

Weight of dry gelatin 2.535 gm. 1.269 gm. 

Weight of ash 0.0024 gm. 0.0012 gm. 


Obtained qualitative tests for Fe'*"^"'', Ca'*'+, and P 04 “, negative tests for 
Cl- and SOr. 
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Miss Fiel(P has shown that hy nuryum :i 

step further the last lran‘s of ash can be iviimu'.l ir^jii ihv 
powdered j^ehitin. In brini^in^^ |M>\vdrn*d izelafiii t«* tie' i-^*e* 
electric point and washin^r with water of llie pH of fiii- i Ircirir 
point we can (piiekly make the i^elatin eompleiely :txli fiei*. If 
the protein is soluble at this jaunt fas is tin* rasi- wit li r-ry-iallinr 
egg albumin) it is only nen»ssary to ra.rry out the liialvM- at flie 
pH of the isoelectric point to obtain fln‘ protein fna* from ioine 
genic irnpuriti(‘s.- 

This fact is a further suj)j)ort of cuir cfUifeiition ihaf a? tie* 
isoelectric jx}int i)rot(‘irrs can roinbiia' wiilj neither anion nor 
cation. 

We may call attention to (uie interestiiiK fart wliieh is in 
harmony with these* r(*suItH, It lias always be<ut known that 
pepsin digestion occurs in nature in an aciii nnaiiuiii. The 
reason for this coniUH‘tion of an acid rcuditui with |w*pMiii«iigf*stioii 
was cleared uj) by Northrop*^ who found that the hydrogfUi ion 
concentration at which jK*pHiii lauiiiniuieeH tn aet nn a firoteiri 
varies with th(i isoelectric point of the fjrotein and thiit th** iirtiufi 
always occurs on the acid sicle of the imelertrir pitiint. It 
seems to follow from the <*xjKTitiieritH of Pi*ke!liiirii'ii mid Jlifiger^ 
that p(ip8in is an anion like* (’1 which eiin only criiiiiiine with a 
positive protein ion. Tins eonihination iK^fwin iind 

positive protein ion s(*emH to be* the pr(*rec|iiwiti* for I lie fulling 
apart (or digestion) of the protein ion. 

1 Field, A. M., J. Am, Ch4mi, voh 43, p. 0117, 1021, 

2 Miss Field’s paper as well as the ^vriters fiiiper frlrrml t« wue m**f- 
looked by C- R. Bmitii (./. Am, ('htm, *SVr., vnl. 43, |i, HlUfl, 1*12 1 1 wlin 
also describes a method of preparing iwlofrii* geiiilln, 

^ North B or, J. H., J, (hn, Phymd,, Vf4. 3, |i. 211, 11120- -21. 

^ Pekelhaeino, C. a. and Einoke, W. II, Z, pk^md. €htm,, viiL Ti, 
p. 282, 1911. 


CHAI^TKIl III 


METHODS OF DETERMINING THE ISOELECTRIC POINT 
OF PROTEIN SOLUTIONS 

Till* of tho nuikc* it. ehmr tJuit wlion- 

f*\Tr work with umphotcTic (*lf*d.rolyic‘8 is conh^rof^liit.od it 
noroHHary to umai.uin firni the point of tho 

HuhHtniH’f% .sinc’(* at tho iHOf*lo(!tri(' |)oiiit thn inat<*rial can bo inont. 
easily fn*o(i from ionogonic irnpurilicH. llica’c* can be no doubt 
that fuany of the .subHtancc.s c‘xhil)iting colloidal ladnivior arc 
amphoteric' c*h*c‘trolyt<»H. 

IL'irdy and Michac^Iin dctcTinincal tlio isoc^hadric point l)y 
obHcTvafioriK on flm migration of particdc's in thc^ cdca'tricail field, 
'fhca'c* are oflica* rriet.hodH available* for f.his purpoHc^^ warn* of 
whic'li lire* cjfi.en more ccaivcmicmt tliUJi, Hardy’s cjriginal naditod. 
These imdhods an* bascsl on the fac’t tha,t n.t the* iHocdf*ct.rie point 
I he* oHiiiol ic* preHsnrc*^ tin* visc’osity, the* a, mount of idc'olnd nH{uirc*d 
for pre<*ipif:tf ion, tin* enmduet ivity, t fn* swc‘IIing, tin* !M). a.rc* aJI 
a minimum. Wln*n the* curv<*s rc*pr{*sc*nt ing tln^ vahn‘H of tin»s(* 
p’roperfies are plottmi as ordinutc‘.s ov(*r tin* pH as abHcissa*, tfn^ 
I'UrveH show a sharp drop at tin* isoelctetric’ |Hunt. If» tiic»nd*ore, 
a p-roteiii is brcmglil to difTc*rent pit' l>y adding a.eid or aikaiii and 
if any i»f t!ie properti<*s m(*ntioin*cl is dc'*f<*rmiin*d, t he approximati^^ 
pemiticni of tin* isoeleetrie peunt cun be* inferrcnl from tin* minimum 
point of file prf»pi*rty whieh is UHcai as a. lc*Ht. i1n* writc*r him 
fcniiid it most convenient to use osmotic* pn*sHure (*xperimenta in 
file ease* of proteins. 

'fhe foilenving cider experimc‘nt by tlie writer ma„y nerve* as a.n 
illtiHf rationd A number of donees eaie*h e'oiitairiing I gm, of fiin»ly 
powderefl (k>ope*r*H g<*lntin whh'h had a pll of a, little* ove*r 7.0 
fiiifi eoiiHl.Hted piirtly <cf Cu geintinate* were pul for .*i0 minut.cw iii 
Ifrdd. into bf*akers containing lOO e*.e. af HBr of difTerent. eon- 
e*eiif rations, varying from M/'H t(» liiid an a eaintrol '! gfii. 

ofgiiatiii was put for 30 iiunutc*s at irddhinto l(K)cne*.of distilhai 

* I,4.#rJ*y J.j J. (rru. voh 1, p. JlfKk OOH i9. 
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wider. The powdered nelatin was then pul into a eyliiidrieal 
fmuiel iiiid the arid alloweil tu drain olT. 'rii<- powdered Kelalin 
in the funni‘1 was thiui perfused six or eigid times, with eonslaiit. 
stirring, eaeh lime with 2') e.e. eohl water i.r., water not ahovc^ 
r)"('. to remove the exe<-ss of acid ami the salts. 1 he wafei' 
iiiu.st he eohl to prevent the powdered f^riuiules from eoaleseinj;: 
since ofherwi.se the wa.shinii would he ineomi>lef e. Alter the 
litptid wa.s drained otT from the tiller, the vmlume (/>., the rela- 
tive swellint: of the Kelalin) was measureil; then the M;<'hiiin was 
melted hv heatinK to l.T’C. and enou)i:h water was add(>d lo hriiiK 
the volume in .-aeh cime to 100 e.e. 'I'hen the eotuluel ivify, 
osmotic pre.ssure, and vi.seo.dty were measured in a way to he 
(hiserihed in a later ejiapter. ami the idl was also determined, 
either eolorimetrieally twhieh ^ives fairly aeeurate results with 
Helafin hid not with the other proteins) or preferalily \nth the 
hvdrogen electrode. In lh<' <-xperimenl representml in 1%. ti the 
id I was measured eolorimetrieally. A irlanee at th(‘ figure shows 
that the ordinates of the curves represent ins the valm-s for 
osmotii' pressure, conductivity, swellinir, etc., drop very sharply 
at pH 1.7. Ac., the isoeh-ctric point of iri'latin. By this method 
t he approximate loeatioii of the isoelectrie point can la* recognized 
at a glance from the o.'^motic pn-s.sure measurements. Hie comlm-- 
tivity measurements, etc. The IM). measurements would also 
.show a miidmum at the isoelectric poiid. 

'I'he lowe.st curve in h’ig. •’> represents titndioii tor Hr. (telalin 
.shoithl exist in the form of gelatin lu-omiile only on the acid si. !<• of 
the isoelectric, point ami titration for Ur shouhi he negative 
wh.m the pH is ahove 1.7. 'I'he curv(> shows th.at no Ur was 
found when pH wase<iual or gn-ater than 1.7; wliih- it was found 
on the acid .'^i.h* increaHing in .piantity the lower the pH. On the 
alkaline .side of the iso.deciric point the g.datin .-xisted .still in 
the .state of (‘a gelatinalm In this exp.-riment the ma.ss of the 
gelatin was diminishe.I hy .solution ami washing to h-H gm. or 
possihly a little !<•.“.«. 

We .shidl .see later, that whmi powdered gel.atiti is put into an 
acid .solution, c.f/.. N ItXt or N/i,IHK> HBr, the .•om-eniration «.f 
the a.’id in, side the g.datin granules is consi.l.u'.aldy hiwer than in 
the oulsi.le .s.dution. 'rhis is due to the .•staldi.shm.mt of a 
Doiinan e.ptilihrium. 



CHAPTER IV 


QUANTITATIVE PROOF OF THE CORRECTNESS OF THE 
CHEMICAL VIEWPOINT 

1. The qualitative experiments of the second chapter did 
not permit us to decide whether ions combine with proteins 
stoichiometrically (t.e., by the purely chemical forces of primary 
valency), or according to the empirical rule of adsorption, as is 
assumed in colloid chemistry. A decision can be rendered by 
titration experiments.^ 

The titrations required for this proof differ from those usually 
performed in chemistry. -In the .usual chemical work titration 
is carried to the point of neutrality, z.e., pH near 7.0. Proteins, 
however, are amphoteric electrolytes, the isoelectric point of 
which is generally different from neutrality. Gelatin and casein 
act as bases for a pH below 4.7, and if we wish to ascertain how 
much of a certain acid 1 gm. of isoelectric gelatin can bind we have 
to titrate to a pH below 4.7. In doing this, we must also remem- 
ber that at such a high hydrogen ion concentration only strong 
dibasic acids, like H2SO4, continue to dissociate both H ions, 
while weaker dibasic or tribasic acids, e.g,j H3PO4, are only able 
to split off one H ion, acting therefore like monobasic acids. 

Our solutions contain generally 1 gm. of isoelectric protein in 
100 c.c., and such solutions will be called 1 per cent protein 
solutions. When 1 per cent solutions of albumin sulphate or 1 per 
cent solutions of gelatin chloride are mentioned, this means that 
1 gm. of originally isoelectric albumin or gelatin was in 100 c.c. of 
the solution. The concentration of the stock solution of isoelec- 
tric gelatin, albumin, or casein was determined by measuring the 
dry weight of the solution. 

When different quantities of 0.1 N acid, e.g., HCl, are added 
to the same quantity of protein, e.g., 1 gm. of isoelectric gelatin 
or crystalline egg albumin, bringing the volume of the solution 

iLoeb, J., /, Gen, Physiol, vol. 1, p. 559, 191S-19; vol 3, p. 85, 1920-21. 
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always to 100 c.c., it is found that the resulting hydrogen ion 
concentration of the solution is different from the pH which is 
found when the same amount of acid is added to the same quan- 
tity of pure water. This is due to the fact that part of the acid 
combines with the protein as originally suggested by Bugarszky 
and Liebermann.^ On the basis of Werner^s^ idea the HCl should 
combine with the NH2 groups of the protein molecule in the same 
way as if it were added to NH3, thus forming a salt of the type 
RNH3CL This is intelligible on the basis of the recent theories 
of G. N. Lewis, 3 Kossel,^ and Langmuir.^ Gelatin chloride may 
therefore be expected to dissociate electrolytically in the following 
way : 

Gelatin NH3CI ^ gelatin NH3 + Cl 

Hence, the concentration of the free Cl ions in a watery solution 
of HCl should remain the same if a small amount of* isoelectric 
gelatin is added, provided the electrolytic dissociation is complete. 
This was tested by comparing the pCl of HCl solutions with and 
without gelatin (Table I). Both the pH and the pCl were 
measured electrometrically. Table I shows that this pCl was 
in solutions of HCl without gelatin always identical with the 
pH of the same solution. In a second set of experiments the 
same HCl solutions contained each 1 gm. of isoelectric gelatin in 
100 c.c., and the pH and pCl in these 1 per cent solutions of 
gelatin chloride were also determined after the reaction was com- 
plete. The reader will notice from Table I that the values for 
pCl of the watery solutions are within the limits of accuracy of 
the determinations identical with those found in the gelatin 
solutions containing the same amount of acid. The pH, however, 
is different in the aqueous and in the 1 per cent gelatin solutions, 

^ Bugarszky, S. and Liebermann, L., Arch. ges. PhysioL, vol. 72, p. 
51, 1898. 

2 Werner, A., ^'Neuere Anschauungen auf dem Gebiete der anorganischen 
Chemie,” 3rd ed., Braunschweig, 1913. 

3 Lewis, G. N., J. Am. Chem. Soc.^ vol. 38, p. 762, 1916. 

^ Kossel, W., Ann. Physikj vol. 49, p. 229, 1916. 

® Langmuir, I., J. Am. Chem. Soc.j vol. 41, p. 868, 1919; vol. 42, p. 274, 
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since, in the latter, part of the H ions of the free HCl added 

+ 

becomes part of the complex gelatin cation, gelatin-NHa. The 
figures in Table I then prove that a strong acid, like HCl, com- 
bines with the protein according to Werner^s ideas. 


Table I 


Cubic centi- 
meters of 

0.1 N HCl 
in 100 c.c. 
solution 

Solution containing no 
gelatin 

•Solution containing 1 gm. of 
isoelectric gelatin in 100 c.c. 

pH 

pCl 

pH 

pCl 

2 

2.72 

2.72 

4.2 

2.68 

3 

2.52 

2.54 

4.0 

2.53 

4 

2.41 

2.39 



5 

2.31 

2.29 

3.60 

2.33 

6 

2.24 

2.26 

3.41 

2.25 

7 

2.16 

,2.18 

3.23 

2.18 

8 

2.11 

2.12 

3.07 

2.11 

10 

2.01 

2.01 

2.78 

2.025 

15 

1.85 

1.85 

2.30 

1.845 

20 ' 

1.72 

1.76 

2.06 

1.76 

30 

1.55 

1.59 

1.78 

1.60 

40 

1.43 

1.47 

1.61 

1.47 


It was found that whenever the same amount of acid was added 
to the same amount, e.g., 1 gm., of originally isoelectric gelatin, 
making up the volume to 100 c.c., the pH of the solution was 
always the same ; so that we can say how much Cl is in combina- 
tion with the protein if we know the pH of the gelatin chloride 
solution. The lower the pH, the more chloride enters into com- 
bination with the protein, until finally, all the protein is trans- 
formed into protein chloride. 

It seems that when an acid, e.g., HCl, is added to isoelectric 
gektin (or any other isoelectric protein), an equilibrium is 
established between free HCl, protein chloride, and non-ionogenic 
(or isoelectric) protein; when alkali is added to isoelectric gelatin, 
an equilibrium is established between metal proteinate, non- 
ionized protein, and free alkali (above pH 4.7). Similar results 
had been obtained by S0rensen.^ 

1 S0RENSEN, S. P.L., Studies on proteins : Cowzpi. rend. trav. Lah. Carlsbergj 
vol. 12, Copenhagen, 1915-17. 
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It can be shown by titration experiments that acids and bases 
combine with proteins in the same way as they combine with 
crystalline compounds, namely, by the purely chemical forces 
of primary valency. It is known that a weak dibasic or tribasic 
acid gives off one hydrogen ion more readily than both or all 
three, and that it depends on the hydrogen ion concentration of 
the solution whether one or two or three H ions are dissociated 
from a tribasic acid. Thus H 3 PO 4 will give off only one H ion 
as long as the pH is below 4.6. Oxalic acid, which is a stronger 
acid, will act like a monobasic acid below a pH of about 3.0,^ 
while above this pH it acts more and more like a dibasic acid. 
In a strong dibasic acid, like H 2 SO 4 , both H ions are held with so 
small an electrostatic force that even at a pH of 3.0 or consider- 
ably below the acid acts as a dibasic acid. If the forces which 
determine the reaction between these acids and proteins are 
purely chemical, it would follow that three times as many cubic 
centimeters of 0.1 n H 3 PO 4 should be required to bring 100 c.c. 
of 1 per cent solution of isoelectric gelatin to a given pH below 
4.6, e.g.j 3.0, as are required in the case of HNO 3 or HCl; whileit 
should require just as many cubic centimeters of 0.1 N H 2 SO 4 as 
of 0.1 N HCL Twice as many cubic centimeters of 0.1 n oxalic 
acid should be required to bring isoelectric gelatin to a pH of 
3.0 or below, as are required in the case of HCl. It can be shown 
that these predictions are true.^ 

2. Crystalline egg albumin was prepared according to Sprensen^s 
method,^ and crystallized three times. The only difference in 
procedure was in the dialysis. Instead of putting the water 
under negative pressure, as was done by Sprensen, pressure was 
put on the egg albumin by attaching a long glass tube full of 
water to the dialyzing bag so that the solution was under about 
150 cm. water pressure during dialysis. This was necessary to 
avoid too great an increase in volume. The same stock solution 

1 Hildebrand, J. H., J. Am. Chem. Soc.j vol. 35, p. 847, 1913. See 
also Michaelis, L., ^‘Die Wasserstoffionenkonzentration,” Berlin, 1914; 
Clark, W. M., “The Determination of Hydrogen Ions,” Baltimore, 1920. 

2 The experiments to be described are from Loeb,- J., J. Gen. Physiol., 
voL 3, p. 85, 1920-21. 

^ SjziRENSEN, S. P. L., Studies on proteins: Com/pt. rend. irav.Lab. Carlsberg, 
vol. 12, Copenhagen, 1915-17. 
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of albumin served for all the experiments and was diluted before 
the experiment to a 1 per cent solution. The concentration of 



Fig. 4. — The ordinates represent the number of c.c. of 0.1 n HCl, H2SO4, 
oxalic, and phosphoric acids required to bring 1 gm. of isoelectric crystalline 
egg albumin to the pH indicated on the axis of abscissae. Enough H 2 O was 
added to bring the albumin and acid to a volume of 100 c.c. For the same pH 
the ordinates for HCl, H2SO4, and phosphoric acid are approximately as 1:1:3. 
The ratio of HCl to oxalic acid is a little less than 1 : 2 when pH is > 3.0. 

ammonium sulphate left in the solution was between m/1,000 and 
m/2,000. The pH of the stock solution was about 5.20. By 
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adding about 1 c.c. 0.1 n HCl to 100 c.c. of a 1 per cent solution 
of this albumin the solution was brought to the isoelectric point 
of the egg albumin, which is according to Sprensen at pH = 4.8. 

The 1 per cent solutions were made up with different quantities 
of acid (or alkali) and the pH of the albumin solution was 
determined electrometrically. In Fig. 4 are plotted the titration 
curves in which the pH are the abscissae while the ordinates are 
the cubic centimeters of 0.1 n acid required to bring the 1 per 
cent solutions of originally isoelectric crystalline egg albumin to 
different pH. The curves represent these titration values for 
four acids, HCl, H2SO4, H3PO4, and oxalic acid. Beginning 
with the lowest curve, we notice that the curve is the same for 
0.1 N HCl and 0.1 n H2SO4, since both are strong acids; or, in 
other words, H2SO4 combines in equivalent proportions with egg 
albumin. The curve for H3PO4 is the highest curve and if we 
compare the values for H3PO4 with those for HCl (or H2SO4) 
we notice that for each pH the ordinate for H3PO4 is as nearly 
three times as high as that for HCl as the accuracy of our experi- 
ments permits. This means that phosphoric acid combines 
with albumin (inside of the range of pH of our experiment) in 
molecular proportions and that the anion of albumin phosphate 
is the monovalent anion H2PO4. 

The values for oxalic acid are for pH below 3.2 almost but not 
quite twice as high as those for HCl, indicating that for these 
values of pH oxalic acid combines to a greater extent in molecular 
and only to a small extent in equivalent proportions with 
albumin. 

These combining ratios of the four acids named with crystalline 
egg albumin are, therefore, the same as those which would be 
found if we substituted the crystalloidal base NH3 for the colloid 
egg albumin, titrating in the same range of pH. 

From the curves just discussed, the amount of acid in combi- 
nation with 1 gm. of originally isoelectric crystalline egg albumin 
in a 1 per cent solution of this protein at different pH can easily 
be calculated. Let us assume the acid added to isoelectric 
albumin to be HCL If, e.g.^ at pH 3.0, 6 c.c. of 0.1 n HCl are 
contained in 100 c.c. of the 1 per cent solution of the originally 
isoelectric albumin (as indicated in Fig. 4), part of the acid is in 
combination with the albumin and part is free. How much is 
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free is known from the pH of the albumin chloride solution, 
namely, 1 c.c., since in the example selected the pH is 3.0 (Fig. 
4). If 1 c.c. is deducted from 6 c.c. it is found that at pH 3.0 



Fig. 5. — Method of determining the amount of acid in combination with 1 gm. 
of albumin from titration curve and pH curve. 


5 c.c. of 0.1 N HCl are in combination with 1 gm. of originally 
isoelectric crystalline egg albumin in 100 c.c. solution (Fig. 5). 
A curve is constructed in which the abscissae are the pH while the 
ordinates are the cubic centimeters of 0.1 n HCl contained in 100 
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pH 18 Z .0 22 2.4 2.6 2.8 3.0 3.2 34 36 3.8 40 42 44 46 


Fig. 6. — Proof of the stoichiometrical character of the combination of acids 
with isoelectric albumin. The same mass of albumin combines with three times 
as many c.c. of 0.1 n H3PO4 as with HClor H2SO4; and with twice as many c.c. 
of 0.1 N oxalic acid below pH 3.0. 

latter curve are deducted from the ordinates of the titration 
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curve in Fig. 4 containing 1 per cent of originally isoelectric 
albumin chloride we get a curve whose ordinates give the number 
of cubic centimeters of 0.1 n HCl in actual combination with 1 gm. 
of originally isoelectric albumin in 100 c.c. solution (middle curve 
Fig. 5). 

Figure 6 contains the curves whose ordinates give the amount 
of cubic centimeters of 0.1 N HCl, H2SO4, H2C2O4, and H3PO4 
in oombination with 1 gm. of originally isoelectric egg albumin at 
different pH. It appears again that the curves for HCl and H2SO4 
practically coincide as the purely chemical theory demands, that 
the oxalic acid curve is higher, and that the phosphoric acid 
curve is still higher. What is of greater importance is that for 
the same pH the ordinates of the H3PO4 curve are always approxi- 
mately three times as high as the ordinates of the curves for HCl 
and H2SO4. 

The results in Table II show the actual numbers of cubic 
centimeters of each of the four acids in combination with 1 gm. 
of originally isoelectric crystalline egg albumin in 100 c.c. solution. 
The values for HCl and H2SO4 are identical. Those for H3PO4 
are within the limits of accuracy always three times as large as 
those for HCl. Thus at pH 4.0, 1.7 c.c. of 0.1 n HCl or H2SO4 
are combined with 1 gm. of albumin, while 5.3 c.c. of 0.1 isr H3PO4 
are in combination; at 3.4, 3.5 c.c. of 0.1 n HCl or H2SO4 and 
10.6 c.c. of 0.1 N H3PO4. 

In the case of oxalic acid, we notice that at pH above 3.6 the 
number of cubic centimeters of 0.1 n oxalic acid in combination 
with 1 gm. of albumin is less than twice that of HCl and that the 
difference is the greater the higher the pH. At pH = 3.2 and 
below practically twice as many cubic centimeters of oxalic acid 
are at the same pH in combination with 1 gm. of originally 
isoelectric albumin as are of HCl. Thus at pH 2.6, 6.7 c.c. of 0.1 
N HCl and 13.3 c.c. of 0.1 isr oxalic acid are in combination with 
1 gm. of albumin; at pH 3.0, 5.0 c.c. of 0.1 n HCl and 9.5 c.c. of 
0.1 N oxalic acid. These figures correspond to the results to be 
expected on the basis of Hildebrand^s titration experiments 
against inorganic bases. These titration experiments then leave 
no doubt that these acids combine with proteins in the same 
stoichiometric way as they combine with crystalloids. That 
these simple facts had not been discovered earlier is the con- 
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Table II. — Cubic Centimetbes op 0.1 N Acid in Combination with 
1 CM. OF Originally Isoelectric Crystalline Egg Albumin in 
100 c.c. Solution 


pH 

HCl, 

cubic 

centimeters 

H2SO4, 

cubic 

centimeters 

Oxalic acid, 
cubic 

centimeters 

H3PO4, 

cubic 

centimeters 

4.2 

1.15 

1.15 

1.8 

3.8 

4.0 

1.7 

1.7 

2.6 

5.3 

3.8 

2.3 

2.3 

3.7 

6.8 

3.6 

2.9 

2.9 

5.0 

8.6 

3.4 

3.5 

3.5 

6.3 

10.6 

3.2 

4.2 

4.3 

8.0 

13.1 

3.0 

5.0 

5.1 

9.5 

16.1 

2.8 

5.8 

5.9 

11.1 

19.3 

2.6 

6.7 

6.5 

13.3 

22.9 

2.4 

7.6 

7.0 

16.0 

1 



sequence of the failure of the workers to consider the hydrogen 
ion concentration of their solutions. Had this been done, nobody 
would have thought of suggesting that acids combine with pro- 
teins according to the adsorption formula. 

These titration experiments are of especial value for the reason 
that crystalline egg albumin is for the present probably the 
purest protein available. 

The same proof can be furnished in the case of other proteins, 
e.g., gelatin. A stock solution of isoelectric gelatin was used for 
the experiment. The isoelectric gelatin was prepared by putting 
the powdered gelatin of pH 7.0 into m/128 acetic acid (100 c.c. of 
m/128 acid for 1 gm. of gelatin) for 1 hour at 15°C., and then 
washing four or five times with cold water (5°C.). An 8 per cent 
stock solution was prepared; the concentration of the gelatin was 
ascertained by a determination of the dry weight. To 50 c.c. of a 
2 per cent solution of isoelectric gelatin were added different 
quantities of acid and the volume made up to 100 c.c. by adding 
enough H 2 O, usually of a pH ctf about 5.6. It was ascertained 
f how many cubic centimeters of 0.1 n different acids were required 
to bring 1 gm. of isoelectric gelatin in a 1 per cent solution to the 
same pH. 
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It is again obvious that the curves for HCl and H2SO4 are 
practically identical while the ordinates of the curve for H3PO4 



Fig. 8. — Combination curve of acids with gelatin, confirming the stoichio- 
metrical character of the combination. 


are approximately three and those for oxalic acid about twice as 
high as those for HCl or H2SO4 for the same pH, as long as the 
pH is below 3.2; while above 3.2 the curve for oxalic acid deviates 
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tbo more from iha-t' ralio Hh* Iu^Iht tiio 1*11. flii’Mr\ 

(leu lands. 

The curvcB in Fig. n^pnssrni tin* values for tie* r!i!*ii’ 
tneters of 0.1 N found in (‘(»midnHti<ui with 1 oi 

isoelectric gelatin in 100 c.c. .solution at di!ler«iit pll. I !i«‘ 
results are taJ)uLat(‘(l in 'Fahh* HI. dlie tahh* mIiowh that 
within the limits of accuracy <if tin* exiierimenls, a! fhi- |ill 
approximately cc|ual numbers of cu[>i(' camtirmierH of II. I % lb I 
and 0.1 N an^ in comlnnation witli 1 gm. of tui^iinallv 

isoelectric gelatin in 100 c.c. solution, while abmil \hfvi> liiiii s as 
many culiic contiinehu’S of 0.1 .v ilnPO,! are in conibinniion. 1 ho 
number of culiic cent inuders of 0.1 n oxalic ardcl in eoiiibiiuif ion 
with 1 gm. of gelatin is hws than twice* that of HC1 as long om ftii* 
pH is a!)ove 3.0, while below 3.0 the combining ratio of the two 
acids is approximately as 1:2, as tlie lln’ory demand^. 

Table III.— -(Uiiih! (.’entimktki«4 of 0. 1 X Acan i\ I ttrrii 


1 OM. OF OrKHNALLY 

Ihoklectiuc (iKI 

ATIN IN' HWI . 

80 IJ 'tlu% 


IICI, 

< H 2 X 1 ) 4 , 

j OkiiHc ari«h 

IITfi,, 

pH 

cubic 

euhie 

1 imhie 

I'niur 


centinuders cent imet era 


rrfif 

4.0 


1 

i 2 7 

3 \i 

II n.5 

3.8 

3.9 

1 .'f.7r> 

fi fi 

9 1 

3.6 

4.8 

! 4,K 

7 :i 

U 3 

3.4 

5.6 

1 5 75 

9 1 

15 2 

3.2 

6.4 

i (} 75 

II II 

IH II 

3.0 

7.2 

1 7.5 

13 15 

m 1 

2.8 

7.9 

! H,25 

15 :i 

Zl i'l 

2.6 

H.:^5 

1 K S 

17 1 

m 2 

2.4 

8.5 

i 9.5 

IH 9 


These experiments 

corroborate mir corieliisioii 

fllltt flpifb 


combine stoichiometrically with protetins if tin* liydrogeii iciii 
concentration is properly taken into con«i<li*ri4t if«n 
Similar experiments were made with eiisein preparial iiffer the* 
method of L. L. Van Slyke and J. (1 Baker, ^ wlici cleMcrilMirl in 

iVan Slyke, L. L. and Bakeu, J. C., J. Bid. Ckm,, %t)l. 35, p. 127, 

1918. 
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1918 a method for preparing “pure casein’’ from skimmed milk, 
which consisted 

“in the gradual addition of acid and its immediate distribution through 
the mass of milk without causing coagulation of casein at the point 
where the acid first comes into contact with a portion of the milk. 
This result can be accomplished by introducing the acid below the 
surface of the milk with high-speed mechanical stirring. After stand- 
ing under gentle stirring for 3 hours with acidity just below the point of 
casein coagulation, addition of acid is continued slowly, accompanied 
as before by rapid stirring in order to obtain the particles of casein 
coagulum in the finest possible state of division.” 

The coagulated casein is then centrifuged and after repeated 
washings is found free from Ca and inorganic P. As Van Slyke 
and Baker point out, the pH of this casein coagulum is about 
4.5 to 4.6, i.e,, it is slightly below the isoelectric point. The 
essential feature of Van Slyke and Baker’s method therefore 
consists in slowly bringing the milk or casein solution approxi- 
mately to the pH of the isoelectric point of casein. The writer 
has shown that gelatin gives off all ionogenic impurities at the 
isoelectric point and Van Slyke and Baker’s experiments show 
that the same method works also with casein. The casein 
prepared after Van Slyke and Baker’s method is also free from 
albumin since this latter protein is soluble at pH 4.5 or 4.7, 
and is, hence, removed from the insoluble isoelectric casein by 
washing. 

In our experiments^ we used casein prepared after Van Slyke 
and Baker’s method from skimmed milk and in addition from a 
“pure casein” of the market. Both preparations gave practi- 
cally the same result. In order to remove traces of fat from the 
casein the latter was washed in acetone. 

It is not possible to prepare 1 per cent casein solutions, except 
with a few acids, on account of the low solubility of the casein 
salts with acids. It is, however, possible to compare casein 
chloride and casein phosphate in 1 per cent solutions. One gram 
of isoelectric casein, prepared after Van Slyke and Baker, was put 
into 100 c.c. of watery solution containing 1, 2, 3, etc., c.c. of 
0.1 N HCl or 0.1 N H 3 PO 4 . The pH of the casein solution was 

^Loeb, J., J. Gen. Physiol.j vol. 3, 547, 1920-21. 
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ascertained poteiiti(;)nndri(‘aIly and 1!m‘ nuiulier nf 

meters of 0.1 N acid rc(iuircd to l.riiij' the 1 per -rut . t u, ..hi 



pH lA 1j6 IB ZD ZZ 24 26 26 3.0 32 34 36 38 

Fig. 9. — OrdinatcH repr<‘8mit th«? c.c. afCKl s IlCl nr tlAHhin 111*1 rhr, i»f I 
per cent casein solution. Th(i ahsciHKie are the pH ttl Ihe unliilifftn 
mately three times as many c.c. of O.l n flgrci 4 <4 04 M IIC'I ttw rf»t|iiin«| in 
bring 1 gm. of casein to the same pH. 

tion to the same pH were plotted over the firiiil pH of the eiineiri 
solution as abscissa). The casein chloride or c‘n?^eiri phoiijihale 
not completely soluble in a 1 per cent solution until tliii pH 
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nijouf 3,0 or a triHo iH*low. When too inurh arid is arhical, /.r., 
whrn thr pH is 1 J> (ir possildy a little above, r:i.s<‘in pr(*e.ipita,t<^H 
out from a I per rcuif solution. 

Figun^ 0 Kivrvs the titration (nirv(»s for Iiri and Il:sF 04 , drawn 
out within those limits of pH within whirh tint rascan saJts an^ 
Hfjiuhle in a i pea* rent solution, d'he (airves show ihaJ. about, 
thn*e timf*H as many (aibir caait imtders (yf O.I n HaPt),! as of 
0.1 s 11(3 are riH|uinMi to bring 1 gm. of (yriginally isoc‘lertrie 
(‘liSfan in a 1 pea’ <aait solution to tint sam<* pH; or in oth(‘r weyrds, 
HsPOi rombiiH‘S witli ruHcan in molcaaila.r jyroport ions, as should 
!h* expea’!f*d if casein phosphate* isatru(» (dn*mir.al eonpyonnd. 

It was not peyssihle try plot th(! e<yrrf*sponding (airves hyr ensran 
sul[y|iate and (*asein oxalate* sin(*(* these* salts arc* teyey si)aringly 
s(ylu!)!(a "Fliis true* alsty for eas(*in salts with ot h(a* aeads, e.(/., 
triehl(yrae(*tie arid. 

Freym all tlH*s(‘ c*xperim(‘nts W(* draw tlu* efynedusion that aeids 
eombine* with erystallinf* egg alljuinin, g(*latin, and castau (aaid 
probably pro! (‘ins in geaiesrul) lyy tin* same* f(yre(‘S (yf |)rinuiry 
valf*ney by whirh the* same* aeids (aymbiiui also with eryHtalloidal 
HubHtan(a‘s, r.f/., XH:i or XaOH. 

3, In the* prf*re‘ding e*xpe*nrnf‘nts we Hta,rt(*d witli isoehad.rie 
pnyte*in and de‘|f*rmine‘<l the* numbea’ of eaihie* <*(adim(*tc*rH of 
O.I X aea'd r#*fiuin*d ley bring the* |ynyte*in seylutieyn te> a dediniie! 
pH. ft H(a*med (yf inte*r(‘st fey eonhrm eyur n*sullH by th(^ nwea’Hit 
fifrafion; najnc*ly, ley starting with a. protein-avid salt of a 
definite pH and de*tf*rmining heyw many eubir e(*nf im(*tia’H of 
0.1 X XaOH are* r(*f|uired to l>nng asfylution (yf a pnyt (*in-avid salt 
to a defmili* pH, r.f/., 7.0. This m<*thod recpiireH, !i(yw(*v(*r, c’(*r- 
tain rorre‘efions whie’h will bfaaymc* ehair from tJa* hylhywing cayii- 
sideraf i(ynH. Tin* expe*rimentH Wf*rf* nia-ch* with gelalin wyluficyiiH 
eonfaining a.b(yuf O.H gm. (yf originally iH(ye*h*rt rir' gelaJin in H)0 r.e. 
Koltifion. When we* add ditT(*rent- e|uantiti(*s of O.I x af*id, e.f/., 
HBr, to O.H gim (yf iso(*I<*etne ge*latin, melt, and ma,ke a, O.H |.N*r 
eonl siyliition lyy aelding enough water to bring the voluim* to 
100 e.r., there is in seduthyn a mixtun* <yf two suhstaiiee^s, nanndy, 
fn*e hydrobromif* arid and g(‘iafin breymide. Th(* icyiid a, mount 
of fir efyntaiiieal iii 10 r.r. srylution (*an b(* determin(»d by titrating 
for lir; part of this Br is in e(ymbination with lyroiein and part is 
ill ecinibiiia-ticin in tlie free* HBr. Thf* lattiw part can lie 
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ascertained from the pH of the hroinid*^ v*.»lii!iuii hy 

preparing a solution of Hlir of the same* pH in wifliMuf 

gelatin, and determining th<^ amount of Hr in fir** 

from gelatin. By deducting this value from the t«»!a! lir if »‘aii 
be found how much HBr is (aunhincai witli the g«dafiii. laid** 
IV gives the results of such an (‘Xperiincud.^ How I givi n fh** 
number of cul)ic c(‘ntini(*t{*rs of O.Ol N free liyfiiolfroiuie aeisi 
originally contained in 100 e.c.of thc‘ i).H pm* ctuit sidurion of orig 
inally isoelectric gedatim How 2 giv(‘H the pH of each gelafin- 
bromide solution after (‘(piilibritnn is estaldislan! ; lUm d tie* tufa! 
amount of 0.01 n Br found in lOc.c. of the Holmion: and Hott 

4 gives the amount of Br actually in comIdnation with g«datiii 
after dcKlinding the amount of lir in the free HBr not in com- 
bination with gelatin) from th<^ total amount of Hr found. 

There is a second method of asemiaining the amount of HBr in 
combination with a given muss of gelatirp namely hy liirafiiig for 
acid with NaOIL^ In this case tin* number of (mbic cfiilimetei v 
0.01 N NaOH required to Imng 10 (w. of tlie gidatin-broiiddo 
solution to a i)H of 7.0 must lu' (hdt^rmined. Tlu^^ the 

total acid, from which the valuer for fre(m'i<dd rjof in eombiiialioii 
with gelatin is to be deductcai. This valu<* is obtaineil Itv fit rat* 
ing a solution of HBr (fre(‘ from gelatin) of tiie snmr* pi! as tli«» 
gelatin-bromide solution with NaOH. A second eorrerlion, 
however, must be made; namely, the quantity of Nat iH required 
to bring 10 c.c. of an 0.8 per eentsedution of iHCHdectriegeliifiii fmi 
pH of 7.0 must be ascertaiiual. This value was found to lie al«ait 
1.8 c.c. 0.01 NaOHfor lOc.c.ofaO.K j>ereenf seduf ion of isfiideet rie 
gelatin. This value must also he d(‘ducfed, anti if two 

deductions are made, approximatfdy I la* .same figun*H arr* rein^lied 
as by direct titration for Br. Tins is sliowii l>y Taldt* IV. How 

5 gives the number of cubic centimet (*rH 0.01 s Na< dl reff uireil to 
bring 10 c.c. of g(datin solution to pH (»f 7,0. How tl giv4*i4 the 
corrected NaOH values, Ac., aftcT the two dedtielioiis Just 
mentioned are made from th(^ vu1u(*h in limv 5. A eftinpiiriHoii 
of the values of Row 6 with those of Row 4 shows flint they arc 
identical within the limits of the accuracy of our iiietfiods* 

This method of titrating witli NaOH alhiws us, theridoriq to 

^Loeb, J., J, Gen, PhynioL, vol. 1, p. 559, 1918-^19. 
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In ikh experiment llie ham eoiifaiiiiiig the gelatin solutions wert^ put into aqueous S4>lutiofis o! IIBr of ili*-* 

same eoiu^-iitraiioi) as that mUed to the gelann; as a eonsequenee. HBr diffused from the outside into the gelatin 
soluiioa so that at equiMbrium ihe hitler eorj|:iined more Br than originally added,) 
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find out tho amount of any ih-iM in (•{unliinalioii witli a tnu u liin 
of gelatin of a (‘{^rtain pH. 

With the new nnd.hod vv(‘ can also (‘onlinu lit*' 
weaker dibasic or trihasic acids, like oxalic nr phH>|ilit»rir. ruin 
bine with gelatin iii mol(‘cular })roport ions. Tahir \ nJv* - thr 
equivalents of HN().-{, oxalic, and phosphoric acid^ in ctjiiihiii.iiiitfi 
with gelatin at difhu'fud pH in H) c.c. of (KH pf*r ciiit ion of 
originally isoelocf.ric g(‘Iatin. 

The values found for IlNOrt iii d'ablf‘ V are slightly limn 
those found for IIBr in Table IV and HC1. dm* to flir fact that 
the concentnition of g(‘latin was slightly 1 (*sh in the cxpriiiie iitN 
recorded in Tables V than in Table IVd A coiupari^oii of tin* 
figures for NaOII values for HIS’Oa, and for tla* Ft U va!u» ^ Fhal*!r 
V, Rows 1 and 3), found by dinmt tit ration for Pt )| with the uninyl- 
acetate method, shows for the two values |>racticidly fh«* nifio of 
1:3 at the sairui })H; i.e., thr(*(^ tinH‘s as inuHi H;jPi)i as HXt t, is in 
combination with the sanH‘ rnass of gelatin. Th«‘ for 

HNOa and oxalic acid (Rows 1 and 2, 'Fabh* 1\') givi* I la* ratio of 
approximately 1:2 for pH 3.5 or btdow. Hcnc<‘, oxalic and fdae- 
phoric acids combine in molecular proportions witli geljitiii. In 
the same way it wtis shown that HuSO,| c’onibines in eqiiivalriit 
proportions with gelatin. 

These measurernentH confirm tin* coin’Iusions nt %v}iif*li Wf* 
arrived by the other method. 


TabijB V.— Cubk* Gentimkteuh oe O.OI X Acm is W'lrit 

Gelatin in 10 c.c. of an O.H Per (kcNT Gelatin Hfii.L'TifiN at 
Different i*H 

pH dpi , a , 2 a.:t :m a 5 a 7 a o i i i 2 -i a 


1. HNO3 

2. Oxalic acid, 

3. H 3 PO 4 


4.35; 4.1 3,03.22.852.45 1 01 

|9.0 i 8.75' 7.00.70.CMM 3 :s II 
. .'12.4 '10,411,810 007,4 5 .84 


45 . . 0 

. I il5 
5 2 II 


2 i 


these earlier experiments I gm. of powdereri gclatifi mini hroiighf to 
the isoelectric point. This entailed some loss, c«|iccifi.||y iliimig itie witiili- 
ing, which varied slightly in different expf,frimcrit.fi. In latiT 
this source of error was avoided by using a sfock solntifUi of K p»r 

cent isoelectric gelatin and ascertaining the coneeniratiofi of wiclcetriii 
gelatin by dry-weight determinations. 
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It wuH found in cxiMn-inKniis ilnit all slronii; 

su-ifis, lik(‘ HHr or USih, Kuw the sanu^ tilraiinn ciirv.- as IlCI. 
'riuH, however, wa.', of course, no lonjiier I he <'asc lor weak acids. 
The weaker the acid tlie more is required to l.riiiK (lie i.rotcin 
solution to the same jiH. This is illustrated in Kij^. 10, which 
j^ives the titration curves for 0.1 N acetic, mono-, di-, and tri- 



in. lit*' fhi* ni»itla*r t»f 0.1 n itrrtir, rrimio-, 

(li». *iiiO irirtiurfirinir jiridn t<* OrinK iihntil CI,H giit, <4 

fOi l«.v f!i»» H-tO wnn to hriii^c 

loiltitifiit U) 1% Vidimm (/f UH» 

nhlonu’ntir fU’idH with f lin Hnrin* mnsH of isonlcri.rio i^olaiin fahout 
CLH gin. I in 109 rj\ Hfdutkai. It in ohviotiH t.haJ. tla* wr»ii.k(*r Om 

acid the more is requinal to bring the same luasH of iHoelectric. 
gj’lnfin to the .«ame pH. 

thi account of the enoniiouH qiiantitieH rcfiuinal in the ease (»f 
weak acids, it is not widl possihlc to plot, the (piatitily of a(dd in 
comhiiiation with a given mass of protidn in the same way as <lone 
in the ease (d IK ‘1 ; but it will be shown in the next ehapter by an 
imlireet method flint th<- amount of union eomluned with a given 
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mass of protein in th<^ same vt^luna* scihiticai tin* fnr n 
given pH no matter wh(‘th(*r tin* acid is strung f>r weak. 

4. If the numbers of cubic (‘(‘ntiineters of OJ N KnH. Xrdd!, 
Ca(0H)2, and Ba(()II)2arc measured wliich iiiU>f be ctinfained 



Fro. 11.— Curves ropresonting the numUcr of i\i\ of ll. I k XlliCiff. Xfiflll. 
and Cva(OH )2 required to bring 1 gin. of iHoolerfrir. rryfUnllifi** mu iilbitfiiiu ifi 
100 c.c. solution to different pH. The curves for NXiOlI uml I’afflllii are 
identical. 

in 100 c.c. of a 1 pcrcentBoIutionof originally iHocIcict rit^rrystalline 
egg albumin to bring the solution to tlio same pll, if is fcmiui that 
these numbers are identical and that thi; valucw for the four 
lie in one curve. This racansthat Ca (OHljanil Ba(OH)s combine 
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gelatin (Fig. 13). In (his latter ease the .solutinii eont.-iiiieii nnly 
about 0.8 gm. of originally i.soeleet ri<- gelatin in KKt e.-, M.lnlimi.' 



Fia. 13.-— Curv«H for tlio number (»f v.v, of (Kl n XaUH. KfiH. 
and CJa(OH)^ required to hrin^? the Hume mai^H {d»rnif o h itoi *4 
gelatin in 100 c.c. solution to different i»II. All four ptjrvofi nre 


The question may be finally niincul, Ilcnv many iiinlfuqilqH nf 
acid or alkali can combine wiili one molecule of protein? llie 
smoothness of the titration eurv{\s of Lsoeltalrif* proteiiw with 
acids indicates that either only one or ninny niolec*iili*i4 of n 
monobasic acid, e.g,, HCl, eomliine with one molt^ule of protein, 
since otherwise, the curves could not be* smooth. It m not 
probable that only one molecule of aiad combines with one mole- 
cule of protein. 

Procter and Wilson, have reached the eoncltisiori fiiiit llii* 
equivalent weight of gelatin is 768 C*hap. XI), iiiiil Wiiilgeii 
and Kruger^ give the value as 839. A<*mrf!irig f.o the reeiuit 

^Lorb, J., J. Gen. Phymd., voL 3, p. K5, 1920 21. 

* WiNTGEN, ll.j and KhCgeh, K., Kolhid-Z.^ voL 2H, p, Ml, priL 
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hy DaJiiii,' in rdiilains 1 .4 |H*r cent ph<’nyia.la,run{*, 
whieli would i^ive a> the luininial inolocular weight (4* gelatin 
n,KfM). Fnaier aiid Wilson's vahn* It*nds to fiie r(‘sult that 
afjoiif lo, or a inuitipl(‘ of 15, niohs'uk^s of a nionohasie acid 
(‘cuidufic with ora* inohauilo of gelatin. 

If can Ih‘ stated, as the result of all titraf i(Ui {*xpf*rirnents, 

that the ratios in whi(*h achls nn<l hus(‘.s eoinlant* with prohuns 
are ideiifical with tlie ratios in which acids and has(‘S combine 
witli fTVsIallfjids. i)t\ in oth<‘r words, the forcc*s by which 
gelatin, c»gg alburnin, and casein (and profaibly f>roteins in 
general) cmnbine with acitls or ulkali<‘s an^ (h(‘ purely tdienudail 
forces of primary valcuu’y. 

Idle <|uestion may be* raised, How can tiie fact, t.hat protedns 
combine stoiehi<mir*tncally lx* naauicihal with th(‘ statemeid that 
their Hohitifum frecpienfly contain aggrega.t(‘H of niol(*cuI<*H? 
TIuh latter fact led to the assumption of adsorption at tin* surface 
i)f {*uc!i mietdia, but witlmut cog<‘nt rc‘?uson. d'he pndein miendhn 
which may exist in a solution of gedatin in wader an* not. (*ompar- 
aide* with mcdallie* Hph(*r(*s or oil globules in wat(*r, whe^n* tin* two 
phas(»H are sc^pnrated by a continuous f)otaulary. Wdani a, 1 p<*r 
cent gfdatin scdufioii sets to a ged, the (apiai distribution of tla^ 
iiiolecid(*s of the gel in the waf(*r remains tin* same*. Ida* raruhan 
(/rienlafion of the gfdatirj nHdf‘(‘ul<*.s irj fh<‘S<dntion may (duuige* to 
a more defirdte orientation in the* ged, but the* a.ve*rag(* distance* 
betweem the* protein med<H*ule*s will probably not cliangeu ddie* 
inte*rst i<*e*s bfUw(*e!i the* m(de‘cul{*s r<*main the* same*, and the* 
prof<*in mede*cule*H anel protc‘iri ions remain as n.e’c<*ssible‘ to alkali 
eir aedd in the gel as an* molesmles or ions in true* sedution. d'he* 
mic'idhe rd gedatin in Hedutieui arc* submicrosempic pa.rtie*le*H of jc*Ily 
and then* is no re'asem why the* re*n-cticmH bedwea^n gedatin and 
edf*e’trcdy!e*H slioulel not be* st oie*hioinetri(*al eve*n if the prot.e*iri 
were* entirely in t!je gel state*. 

dda* lifnilioii experiineretH give*n in this f‘ha.|>ter show idso why 
if is nf*e'e*ssary to cfunpare* the relative* e*frie*i(‘ne‘y of two kinds f>f 
iciiiH of file* Hitme sign rmf only for t!a* same* e*oiH'euit ration of the* 
originally isoelectric preife^in but also for the^ Ha.me* pH, Ah the* 
e*oiiibifiatioii curvets Figs, fi and H shenv, at each pi I ordy |iarf' ed 
the iiiiiss of the* preifein pr<*sent e*xistH in the form of a salt, thet 

* If. D.p J. Bud. fdirr/i., vol. p. Ill2tl. 
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rest exists as non“ic)nofi;(‘iii(* protein. Only it eunuiih arMl nr 
alkali) is added, is all (he prot(‘in irnnsfonned ini** n nh. lie* 
eonibiriation curv(‘s show that at tin* same pH the .‘’aiie' iiarnMn 
of the protein pr(‘S(‘nt (‘xists in th(‘ form oi a. protein ralt. Ii it i 
desired to compare tlu* n^Iativa* {dlieieney <iifferi*jii ion in 
combination with a probdn, om must lx* sure that the r«inr»’ii 
tration of originally isoehadrie protein is the satne in boi h 'ohr 
tioris and that tlu^ fratdion of protein whic-h lias eombinrd uiili 
the two ions is the same. Tins is only tnie when !h«* -ohitiMii * of 
the protein salts to h(‘ companxl hav(‘ not only the same eoni’r-i}. 
tration of originally iso(4(‘C’tri(‘ prot(an but also lie* same pH. 

There exLst{al no n^ason for (a)i!iparing tlie eflVeiv of difteren! 
ions at the same j)H as long as the titration rurves given, jn fliiM 
chapter w(‘re not known. liuf, tJi(‘ knowlcalge of th***^!* nirvev 
forces the experiment.er to change his nic‘ihods and to ba.o^ a!! tfp’ 
comparisons of the influence of ion.s on the* pliy^iea! prop™ 
erties of proteins on protein solutions «.if liydrogeii ioii 

concentrations. 


CHAPTER V 


THE VALENCY RULE AND THE HOFMEISTER SERIES 

(A) Osmotic Pressuke 

In this chapter it will be shown that the combining ratios of 
acids and alkalies with proteins furnish the key for the under- 
standing of the influence of ions on the physical properties of 
proteins, inasmuch as only the sign of charge and the valency 
but not the other properties of an ion influence such physical 
qualities of proteins as osmotic pressure, viscosity, and, in the 
case of gelatin, swelling. In this discussion only the monovalent 
and bivalent ions will be considered. 

The fact to be proved is contrary to the statements current in 
colloid chemistry according to which the chemical nature of the 
ion is of as much importance as the valency. As already stated 
in the flrst chapter, the ions have been arranged in series, 
the so-called Hofmeister series, according to their relative in- 
fluence on swelling, viscosity, and osmotic pressure of proteins. 
It is perfectly true that the different ions of the same valency, 
6.g., Li, Na, K, Rb, Cs, or Cl, Br, and I, have different chemical 
properties according to their position in the periodic table, and 
monovalent anions, such as NO3, CH3COO, also have definite 
chemical characteristics different from those of I or Br or CL 
These differences manifest themselves in many phenomena, 
e.g., in solubility, but they are obviously of minor importance 
in their influence on the physical properties of proteins alluded 
to, for a reason which will become clear in the second part of the 
book. For the present it will only be shown that the Hofmeister 
ion series are largely the result of the same methodical error 
which had prevented the recognition of the fact that acids and 
alkalies combine with proteins stoichiometrically, namely, the 
failure to measure the hydrogen ion concentration of the protein 
solutions. If we wish to compare the relative efficiency of two 
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ions, e.g., Cl and CHaCOO, on tho nsinc^tir piT^siiir or viNrcNitv 
of protein solutions, it is absolutely nee(‘SSHry to do mi mi lite 
same pH and the sann^ eoncerit ration of oriRiiially iMiideHrir 
protein. If this is doin^ it will b(‘ fotnni tliat the Hofiiiebfer 
series have practically no real signifi(*ance and that eK‘^eiif iall\ 
only the valency, not Ihc^ s})(‘ciilc natun* of tlie ion in cTiiit! limit irui 
with the protein, influ(aic(‘s its physical proiH'dies. 

In the preceding (^haptxa' it. was se(»n tliat at the same pH t!ir«*e 
times as many cubic centinadcTs of 0. 1 x HiPt )| as If Nt t are in 
combination with I ^un. of originally isoeha^trie gelatin in il«l e.e. 
of solution. From this it hallows that the anion of g«datin |>Iio.N- 
phate is the nionoval(mt ion and imt the Irivalent anion 

P()4. It follows likewise^ from the combining ratios fliseiisHal in 
Chap. IV that th<^ union of oxa!i(‘ aeitl in emnbinatson 
protein below pH = 3.0 is tin* monovalent anion wliih* a! 

pH above 3.0 the oxalic acid dissoedates to an increasing di^gree as 
a dibasic acid, forming a divalerd anion i with protidio ! h*? 
same must he truc^ inutaitH mninndin, for all weak dilmsie or 
tribasic acids, c.f/., citric, tartaric, or succinic acids, niimely, that 
at pH below 4.7 they form pNdcin salts with chieHy inoniivaleiil 
anions. It follows also from the combining ratios, that the naif 
of a protein with a strong dibasic acid, m must have a 

divalent anion, c.g., SO4. On tla^ Imsis of our valency rule, we 
should, therefore, exp(a!t that, the osmotic pn*ssure of I |>er c«*fil 
solutions of originally iHoelectric gelatin with diflerent iictd»^ of 
the same pH should be identical for all gelatin salts witli inoiifiVM- 
lent anion; in other words, I pc*r c(uit solutions of gelaf in cliloride, 
bromide, nitrate, tartrate, Huccinat(% citrate, or plmspliate sliotilil 
all have about the same osmotic pressure and the siiriii* viscosity 
at the same pH; and the same should l>e trm* for swelling; while 
gelatin sulphate, which has a bivalent anion, should have a iniicti 
lower osmotic pressure, viscosity, f^r swcdling. We ivil! stioiv 
first that this is true for the osmotic^ prc‘ssure of protidii fioliitioiis. 
The simple method of 11. H. Lillkd was employed for tin* 
ment of the osmotic pressure of gedatin solutions, ('jolloiiicin 
bags of a volume of about 50 c.c. were cast in i*lrieriifieyer ihmkn 
assuming the shape of the latter. These were prepiired in 11 
uniform way, as follows: (/ollodion (Merck, 275 griiiris of etlitr 
1 Lillie, R. S., Am. /. FhydoL, voL 20, p. 127, 1907-^ 
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per ounce; 27 per cent alcohol, U. S. P. IX) was used. Erlen- 
meyer flasks of a volume of about 50 c.c. were rinsed with 95 per 
cent alcohol and then filled to the neck with the collodion solution. 
After the flask was filled with collodion, the latter was allowed to 
pour out slowly from the flask which was rotated slowly by hand 
during this process. The process of rotating the flask and pour- 
ing out the collodion was timed to occupy exactly 2 minutes. 
Then the Erlenmeyer flask, which was now empty except for a 
film of collodion adhering to the inside of the glass wall, was 
allowed to dry for exactly 2 minutes at room temperature. It 
was then put under the faucet and tap water was allowed to run 
in in a gentle stream for 5 minutes. The collodion film formed 
inside the flask could be pulled out being an exact cast of the flask. 
These collodion bags were closed, with the aid of rubber bands, 
by a conical rubber stopper which was perforated to allow a glass 
tube to be pushed through. The collodion bag was filled with the 
solution of protein with the aid of a small funnel, all air bubbles 
were removed and the glass tube was pushed into the bag to serve as 
a manometer. The bag was then put into a beaker usually con- 
taining 350 c.c. of water, having the same pH as the protein solu- 
tion. The surface of the stopper was so adjusted that it lay in the 
surface of the water in the beaker and the glass tube (or manometer) 
was pushed a little deeper into the bag so that at the beginning the 
level of the protein solution was about from 20 to 30 mm. above 
that of the water in the outside beaker. 

The water diffused from the outside beaker into the protein 
solution and the column of liquid in the manometer rose to a 
maximum which was usually reached in about 6 hours or possibly 
less. It must be taken into consideration that two changes in 
pH will occur in these experiments which affect the osmotic 
equilibrium. The one change is due to the Donnan equilibrium 
which was referred to in the introduction. The other change is 
due to the influence of the CO 2 of the air in the outside solution 
and this influence is especially disturbing when alkaline solutions 
are used. It must also be borne in mind that in these experi- 
ments the protein solution is also usually diluted through the 
entrance of water into the collodion bag. In later chapters 
measures will be mentioned by which these sources of error 
can be avoided or diminished. 


(iS 


THMORY OF ('OlJ.OIOAL HKUA \ I<>1; 


One per cent solutions of orininiilly isoclcctrii’ pint, in wi‘r<> 
made, each solution containiiiK a ccrtniii amoiiii! of .'in n. id or of 
alkali to give it a didinite pH. In laich (‘asc thi' coll.iiUon Itug 



Fig. 14.~Influence of pH and vnhnify of union on r^Moofir 
tions of different gelatin-acid mdtH. 'I‘he oMniotic purnmn^- tn « tmummm tlw* 
isoelectric point, pH 4.7, riseH with the addition of arid iinld pJI in M 1. 
then drops upon the addition of more acid. 'Fhe ciirvca for icrialiii an?! 

gelatin phosphate are identical. 

containing the gelatin solution was dipped, as descrihed, into a 
beaker containing 3.50 c.c. of water of originally tin* sanu' jdl as 
that of the protein solution used. On account of the Dorman 
equilibrium this eciuality of pH in the inside and outside «oIu- 
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tions was not retained, the pH rising higher inside than outside in 
the case of solutions of gelatin-acid salts. The observations 
lasted usually for 1 day but the level of liquid in each manometer 
was recorded at first every 20 or 30 minutes and the values 
recorded the next day were used to plot the curves in Fig. 14. 
The osmotic equilibrium was usually established in about 6 
hours. The experiments were carried on in a thermostat at a 
temperature of 24° C. 

Figure 14 gives the curves of the osmotic pressure for solutions 
of originally 1 per cent isoelectric gelatin with four different 
acids, HCl, H2SO4, oxalic, and phosphoric acids. ^ The abscissae 
are the pH of the gelatin solutions after osmotic equilibrium was 
established, z.e., at the end of the experiment. The pH was 
always determined potentiometrically. The reader will notice 
that the four curves have a number of characteristic features in 
common. The osmotic pressure is, in all cases, a minimum at 
the isoelectric point, namely, at pH = 4.7 ; it rises with increasing 
hydrogen ion concentration (or diminishing pH), and the curves 
all reach a maximum at about pH = 3.4. When the hydrogen 
ion concentration rises still further (or with a further drop in pH) 
the curves for the osmotic pressure of the solutions of the four 
gelatin salts diminish almost as steeply as they rose on the other 
side of the maximum. It may be noticed in passing, that Pauli^ 
and Manabe and Matula^ speak of a maximum in the viscosity 
curves of albumin at a pH of about 2.1. It will be observed that 
the maximum for osmotic pressure lies at a much higher pH, 
namely at about pH 3.4, and that at pH 2.1 the curves are at a low 
level again, not much above that of the isoelectric point. This 
form of the curves of osmotic pressure when plotted as a func- 
tion of pH of the protein solutions is very characteristic and 
invariable. 

The main point, however, which interests us in this connection 
is the proof of the valency rule. The titration curves show that 
in the case of gelatin phosphate as well as of gelatin chloride the 
anion is monovalent, H2PO4 and Cl. The valency rule demands 

^Loeb, J., J. Gen. Physiol., vol. 3, p. 691, 1920-21. 

2 Pauli, W., “ Kolloidchemie der Eiweisskorper,” Dresden and Leipsic, 
1920. 

3 Manabe, K., and Matula, J., Biochem. Z., vol. 52, p. 369, 1913. 
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that the osmotic pn^ssurcs of th<‘ two salts sliooIO t**' iii»iiti<*a! 
and a glance at Fig. l-l shows tliat tliis is I hr* I Ic* :uiir»ii 

of gelatin oxalat(" slionld also he (*ss(‘iitially liiouirvah'iil ho |fli 
below :h0 and w(‘ s(‘(* that the* (h‘se(*ndiiig hraaeh of t!ie 
curve, from pH 3.0 a,iid below, pra('tii‘ally ccaiieide^ I he 

descending branch of the curve* for gelatin cldoride and |ilio-« 
phate. For pH above* 3.0 Hu* curve* for the* osmeetie' prirH;oire»" f«f 
gelatin oxalatei is slightly lowe*!* than the* curve* f<tr gelafin plto'*- 
phate and gedatin chloride*, us the* th(*e)ry of ele*(*f redytie* 
tion demands, sinea* for pH above* 3.0 oxalie* m*iel dis' oriate.M 
electrolytically more and more* like* a dibasic ae*iei l!a* higher 
the pH. Hemeu*, at abemt j)H 3.1 the* majeerity ed the nf 

gelatin oxalate* is !non<)vale*nt, but a ce‘rtain small pi'rciuitagf* is 
divakmt. For this r(*as()n the* curve* for gedatin texalate nt 
pH 3.4 or* for higher pH not (|uite» us high as tliat for gidafiii 
chloride or phosphate. This is in strict agre*<'mcnf ivitfi flit* 
titration curvets in Fig. 7. 

The titration eairveiH in Fig. 7 show alse> that forms a 

divalent anion in (combining wdth ge‘lutin auel we notiea* that flu* 
maximum of the osmotic, pre*HHure* curve* at pH 3.1 is lirss iliaii 
one-half that of the osmotic pr(*ssure* curve for ge*Ialiii chhiritie 
or gelatin phosphate at the^ same* pH. 

These results are then in full agre*emH*iit with the titriitieiii 
experiments if we asBume^ that only (or c*hie*tlyl the* sign iiinl the 
valency of the ion with which the* protein is in seihition determine 
the osmotic pressure of tlu* prot{‘in salt fonne*ei, while* the nature 
of the ion has either no efT(*ct or if it. has any edlect the liif ter iiiiihI 
be so small that it escapes (l(*t(*ct ion. 

If the Hofineister series w(‘re: corn*ct, we should have expeefeii 
that the curve for the osmotic^ prvssun* eif gelatin |iIios|iliiifi* 
should have been of the ord<*r of that cd gcdiit in sulphate or ei'eii 
lower instead of being ecpial to tliat of gelatin cliloriiie; iiinl the 
same should have been true for the* curv<* for gelatifi oxaliite. 

I have repeated theses (*xp(*rim<*ntH so often that then* eiiii la* 
no doubt about the correctm*HH of tla* n*sult. 

The experirnents with 1 p(T cemt solutions of origiitiilly iMiidec- 
tric crystalline egg albumin confirm tin* viilimey rule also for 
this salt.^ The abscissa} arc again the pH detiTrnirieci at tlie 

1 Lobb, J., J, Gen, Phynol.^ voh 3, p. 85, li2CKib 
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beginning of the experimentj the ordinates the osmotic pressure 
after equilibrium was reached. The acids used were HCl, H 2 SO 4 , 
oxalic acid, and H3PO4 (Fig. 15). The reader notices again that 
the osmotic pressures are a minimum at the isoelectric point, 
that they reach a maximum at pH a little above pH 3.2, and 
that they then drop again. 



pH 1 2 3 4 5 6 


Fig. 15. — Osmotic pressure of different albumin-acid salts. The ordinates 
indicate the osmotic pressure (in mm. of 1 per cent albumin solution); the 
abscissae are the pH. All solutions are 1 per cent in regard to isoelectric albumin. 
The curves for albumin chloride and albumin phosphate are identical. 


The four curves confirm the valency rule. The curves for 
albumin chloride and albumin phosphate are practically identical, 
that for albumin sulphate is almost but not quite half as high as 
that of phosphate, and the curve for oxalate is at the maximum 
a little lower than that for chloride. 

The valency rule holds also for casein-acid salts. ^ Since 
casein oxalate and sulphate are too sparingly soluble we can only 
compare the osmotic pressures of casein phosphate and casein 
chloride. The curves for the osmotic pressures of these two 
^Loeb, J., J. Physiol., vol. 3, p. 547, 1920—21, 



72 


THEORY OF COLLOIDAL BEHAVIOR 


salts are alike if plotted over the pH, as Fig. 16 shows. The 
maximal osmotic pressure lies at pH of about 3.0. 

There is then no doubt that the curves for the osmotic pressures 
of the three proteins, gelatin, crystalline egg albumin, and 
casein obey the valency rule, and show no appreciable influence 
of the nature of the ion except that of the sign of charge and 
valency. 



pH 1 Z 3 4 


Fig, 16. — Osmotic pressure of 1 per cent solutions of casein chloride and casein 
phosphate as function of pH. The two curves are almost identical. 


In the older experiments in which the hydrogen ion concentra- 
tions were not measured, the action of weak acids led the investi- 
gators into error. In the Hofmeister series it is generally 
contended that acetic acid acts like sulphuric acid and not like 
hydrochloric or nitric acids. This is due to the fact that the 
investigators compared the effects of different acids at equal 
molecular concentrations instead of comparing the effects of 
different acids at the same pH. If this is done it is found that 
acetic acid acts like HCl and not like H 2 SO 4 . Figure 17 gives 
the curves for the osmotic pressure of about 0,8 per cent solutions 
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of originally isoelectric gelatin with six different acids, HCl, 
H 2 SO 4 , acetic, monochloracetic, dichloracetic, and trichloracetic 
acids plotted over pH as abscissie.^ Since the concentration of 



pH 2.0 2.2 2.4 2.6 2.6 3.0 3.2 3.4 3.6 3.8 40 4.2 4.4 46 


Fig. 17. — Osmotic pressure (in mm. H 2 O) of about O.S per cent solutions of 
gelatin chloride, gelatin acetate, monochloracetate, dichloracetate, and tri- 
chloracetate. The curves are practically identical. 

the originally isoelectric gelatin in these solutions was lower than 
in the experiments represented in Fig. 14 (about 0.8 per cent 
instead of 1 per cent) , the osmotic pressures are also all lower, but 
the results are relatively the same. Thus the maximal osmotic 
^Loeb, J., J. Gen. Physiol. ^ vol. 3, p. 85, 1920-21. 
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pressure of gelatin sulphate is in Fig. 17 also a little less than one- 
half of the maximal osmotic pressure of gelatin chloride and the 
maximum lies again at pH of about 3.4. The four acetic acids 
have their maximum also at the same pH and this maximum is 
equal to that of HCl.^ The slight variations in the height of the 
curves for the five monobasic acids are merely accidental and 
probably chiefly due to slight differences in the concentration of 
the isoelectric gelatin. In these experiments each gram of 
powdered gelatin was brought independently to the isoelectric 
point and in this procedure about 20 per cent of gelatin were 
lost, but the loss varied slightly in the different experiments. 
In the experiments represented in Fig. 14 a large quantity 
of powdered gelatin was brought to the isoelectric point and 
doses of 1 gm. of isoelectric gelatin were used. In this latter 
case the quantity of originally isoelectric gelatin was always 
the same. 

It was also found that the osmotic pressure of 0.8 per cent 
solutions of gelatin tartrate and gelatin citrate is approxi- 
mately the same as that of gelatin chloride of the same pH. 

The writer has also shown that the curves for the osmotic 
pressure of 1 per cent solutions of originally isoelectric crystal- 
line egg albumin are identical for albumin chloride, albumin 
acetate, and albumin dichloracetate, when plotted over the pH 
as abscissae.^ 

These experiments on gelatin and albumin leave no doubt that 
the acetates behave like chlorides and not like the sulphates. 
Pauli claimed that trichloracetic acid acted like sulphuric acid but 
this is certainly not the case as far as the osmotic pressure of 
gelatin solutions is concerned. 

The idea that the valency of the ion in combination with a 
protein is the chief if not the only factor which influences its 
osmotic pressure is corroborated by measurements of the osmotic 
pressure of metal gelatinates. We had shown in Chap. IV that 
Ca(OH )2 and Ba(OH )2 combine with gelatin in equivalent pro- 
portions and that hence, the ion in combination with gelatin 
in these cases is the bivalent cation Ca or Ba. The experiments 
showed that Li, Na, K, and NH 4 gelatinate have about the same 

^Loeb, J., J. Gen. Physiol., vol. 3, p. 85, 1920-21. 
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j Similar results were obtained in the case of the osmotic pressure 

I of metal casemates. 

I All experiments agree that only the sign and the valency of 

I the ion with which a protein is in combination determine its 

I osmotic pressure while the specific nature of the ion seems to 

I have no influence. This fact is of the greatest significance since 

I it was to be expected if colloidal behavior is due to the Donnan 

I equilibrium. The writer may state that this valency rule was 

I found before he was aware of the fact that the influence of 

I electrolytes on the osmotic pressure of protein solutions could be 

I derived from the Donnan equilibrium, 

I 



{ B ) Swelling 

It is generally stated in colloidal literature that solid blocks 
of gelatin swell more in chlorides, bromides, or nitrates than in 
water and that they swell less in citrates, acetates, tartrates, 
phosphates, and sulphates than in water. The author of this 
statement is Hofmeister^ who was a pioneer and who cannot 
be blamed for not considering the hydrogen ion concentration 
of his solutions about which nothing was known at the time of 
his experiments. In Hofmeister's experiments gelatin blocks 
were put into salt solutions of a high concentration, and the 
differences in the effects observed in different solutions were slight. 

He even states that sugar solutions have a dehydrating effect, 
like certain salts, and this fact alone should have warned chemists 
that his experiments could not be used for conclusions concerning 
the specific effects of ions on the physical properties of colloids. 
As far as the writer knows the discrimination between ^^hydrat- 
ing” and '^dehydrating” ions originated from these experiments. 

It is often asserted that Hofmeister’s ion series for swelling 
have been confirmed by other authors. Thus on page 373 of 
Zsigmondy’s book " Kolloidchemie ” (2nd edition), the following 
statements are made in support of this impression. 

"Wo. Ostwald who compared the efiiciency of different acids found 
that swelling diminishes in the acids in the following order, HCl > 
HlSrOa > acetic acid > sulphuric acid > boric acid. Fischer has shown 
that the acid and alkali swelling of gelatin as well as that of fibrin is 

^ Hofmeistee, F., Arch. exp. Path. u. Pharm., vol. 28, p. 210, 1891. 
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diminished by the addition of salt, and that chlorides, bromides, and 
nitrates have a less dehydrating action than acetates, sulphates, or 
citrates. We have here a similar series as in the case of the precipita- 
tion of proteins by alkali salts,- although the order does not agree 
entirely.’^ 

The writer is inclined to interpret Ostwald’s and Fischer’s 
experiments differently from Zsigmondy, since both authors 
ignored the hydrogen ion concentration of their solutions. Our 
experiments have shown that it is necessary to base conclusions 
concerning the relative efficiency of ions on experiments with 
equal hydrogen ion concentration. By ignoring this postulate 
Ostwald only proved that acetic and boric are weaker acids than 
nitric but not that the acetate and borate anions have a greater 
depressing effect on the swelling of gelatin than NO 3 ; and Fischer 
only proved that citrates and acetates are buffer salts which 
when added to a solution of a strong acid diminish its hydrogen 
ion concentration, but not that the acetate and citrate anions have 
a greater depressing effect on the swelling of gelatin than Cl or 
NO3. Both authors erroneously ascribed the effects of variation 
of pH to an effect of the nature of the anion. The Hofmeister 
series of ion effects on swelling has, in reality, never been 
confirmed. 

If we wish to study the specific effects of ions on the swelling 
of gelatin we must proceed from isoelectric gelatin, bringing it 
to different pH by different acids or alkalies and then compare 
the swelling at the same pH for these different acids or alkalies. 
If this is done it is found that when gelatin is in combination 
with the anion of a weak dibasic or tribasic acid, e.gr., tartaric, 
citric, phosphoric, its degree of swelling is the same as when it is in 
combination with Cl or NO 3; since in all these cases the anion of 
the gelatin salts is monovalent, and that only in the case of gela- 
tin sulphate is the swelling considerably less, because H2SO4 com- 
bines with gelatin in equivalent and not in molecular proportions 
as does the weak dibasic or tribasic acid, e.g., phosphoric.^ 

The following simple and quick volumetric method for measur- 
ing the swelling was adopted. 

Dry powdered gelatin was sifted and the grains no longer 
going through sieve 50 but going through sieve 40 or 30 were 

^Loeb, J., J. Gen, Physiol, vol. 3, p. 247, 1920-21. 
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selected for the experiment. Doses of 1 gm. each were weighed 
out and each was put for an hour into 100 c.c. m/128 acetic 
acid at lO^C, to bring the gelatin to the isoelectric point. The 
powdered mass was then put on a filter and washed five times 
with 25 c.c. of distilled water of 5°C. In the acetic acid solution 
and during the washing on the filter the powdered gelatin is 
stirred constantly. In this washing about 20 per cent of the 
gelatin were lost, so that the mass of gelatin in the following 
experiments was only about 0.8 gm. each. 

Each dose of originally 1 gm. of dry powder which had mean- 
while absorbed a certain quantity of liquid (which was about the 
same for each dose of isoelectric powder) was then put for 1 hour 
at about 20° into 100 c.c. of different concentrations of the acid 
or base whose influence on swelling was to be tested, and the 
mass was frequently agitated. To measure the relative amount 
of swelling in different acids or alkalies and at different pH the 
mass was poured into graduated cylinders of 100 c.c. in which the 
granules settled very rapidly to the bottom. The cylinders were 
kept in a water bath at 20° for about 10 to 15 minutes and the 
volume occupied by the gelatin granules, after settling, was then 
read. This volume included a certain amount of solution between 
the granules and, therefore, the real volume of the gelatin was 
smaller than that read. While therefore, the method cannot be 
used to measure the absolute amount of swelling it allowed us to 
determine the relative influence of different acids or bases on the 
swelling for the same pH. 

The pH inside the gelatin granules and the surrounding 
solution are quite different, owing to the Donnan equilibrium. 
It is, therefore, not correct to assume that the pH of the granules 
of gelatin is that of the supernatant liquid. The pH of the 
granules of gelatin was determined after the gelatin had been 
poured on a filter and the acid in the interstices of the granules 
of gelatin had been allowed to drain off. Traces of this outside 
acid remained undoubtedly at the surface of the granules. The 
gelatin was then melted and its volume brought to 100 c.c. by 
adding enough distilled water of pH 5.6. The pH was determined 
potentiometrically. This pH was probably a trifle too low on 
account of some of the acid adhering. 

Figures 19 and 20 give the results of the measurements of swell- 
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ing in acid. The abscissae are the pH found in the gelatin after 
equilibrium was established. The ordinates represent the figures 
for the volume of the granules of about 0.8 gm. of gelatin in 
different acids. It is obvious that in all cases the volume (or 
swelling) is a minimum at the isoelectric point pH = 4.7, that it 
rises with diminishing pH until the maximum is reached at a pH 
of about 3.2 or a little less, and that the curve drops steeply with 



Fig. 19 - — Influence of HCl, HNO3, H3PO4, H2SO4, trichloracetic, and oxalic 
acids on the swelling of gelatin. Abscissae are the pH, ordinates the volume of 
gelatin. The curves for all the acids are practically identical except that for 
H2SO4 which is about one-half as high as the curves for the other acids. 


a further diminution of pH (i.e., a further increase of hydrogen 
ion concentration) . The main fact is, however, that the curves 
for the influence of- HCl, HNO3, trichloracetic, oxalic, phos- 
phoric, citric, and tartaric acids are practically identical, proving 
that only the valency and not the nature of the anion of the 
acid used influences the swelling of gelatin; since the anion of 
weak dibasic or tribasic organic acids combining with the gelatin 
is always monovalent. 
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The curve for s\v(‘IIirip; of sulphaii*, wipi'** llp‘ nfiif»ri 

combining with gc^latin is bivahud, is only abrail halt a* biiali a a 
th(i (Uirvo for salts of g(‘la1in with tin* anion of wt ak dilhi io 
acids (Figs. 19 arnl 20). 



Fig. 20. — Inflaonco of (utric, turfaric, find fio’ta* arid?* fni rtm-rlliijiii td 
The curves for citric and tartaric acitls arc nracficidly idcnfirjii fur 

HCl and HNOs in Fig. 10. That U>t iicciic acid i« a liolc hsuticr tm-mn |Cf-*sil4y 
to some specific and secondary effect of this acid on fhi? of jrUy. 

Acetic acid gives an increasing amount cjf swcdliiig, !*tit it mml 
be remembered that 1 u acetic aci(i had to bi* nmnl to bring t!if* 
pH of the gelatin to 3.0, and it is not imptmsiblc fhal in ttiin. mm* 
the high concentration of imdissocnatcd acid causiHi n Hrcfiniiury 
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physical modification of the gelatin (e.g,, diminution of cohesion 
between the particles of gelatin). 

Figure 21 gives the curves for the action of alkalies on swelling. 
The curves for Li, Na, K, and NH4 gelatinate of the same pH 
are practically the same, except that the values for NH4OH are 
irregular for pH above 8.5, possibly on account of the fact that 
the concentration of NH4OH required to bring gelatin to such pH 



pH 4 5 6 7 a 9 10 11 12 


Fig. 21, — Curves for the effect of different bases on swelling. Those for 
LiOH, NaOH, KOH, and NH4OH are practically identical and about twice as 
high as those for Ca(OH)'2 and Ba(OH)2. 

is rather high. The main fact is that the ratio of the maximal 
swelling of gelatin salts with bivalent cation, like Ca or Ba, is 
considerably less than that of gelatin salts with monovalent 
cation, like Na, K, or NH4.^ This agrees with the results of the 
titration experiments which show that Ca(OH)2 and Ba(OH)2 
combine with gelatin in equivalent proportions and that, hence, 
the cation in combination with the gelatin is, in this case, bivalent. 

It should be pointed out that the maximal swelling of gelatin 
in alkalies was less than that in acids. This was not observed in 
the osmotic pressure curves. It is probably due to differences of 
cohesion of the ions of the gel in the two cases. 

The results show clearly that the Hofmeister series is not the 
correct expression of the relative effect of ions on the swelling of 

^ Loeb, J., /. Gen, PhysioLj vol. 3, p. 247, 1920-21. 

6 
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gelatin, and that it is not- true thut ehlnriden, hnmihh^-. ami 
nitrates have ‘‘hydrating'’ and a.cM*tates, tarfrufeha eitralf-.^and 
phosphates “deliydrating” (‘tteets. H tin* |>H of th*' gilatiii i-- 
taken into consi(l(‘ration, it is foural that fur tin* s:uih' |d! tliu 
effector! swelling is the same fur ( 1, NO.,, triehiuraretafe, faiirafu. 
succinate, oxalatx*, citrate, and phus|)hate, while the >tte!liim, in 
considerably less fur SO-i. lliis is (*xaetly what we shutdd e\|if*e! 
according to thc^ vahmcy nde on tin* basis of tlie nmibiiiiiig 
ratios of diff(‘r(‘nt a<'i(ls with gelaliiu since tlte weak liibasi** and 
tribasic adds (‘oml)!^* with gelatin in molcaiilar |>rt»|H«rl iuii> 
while th(^ strong dibasic, acid H^^Oj <’unibines with gelatin in 
equivalent proportions. !n the casr* of the Wf*ak dibasic acid*' 
the anion in coinbi!!ation with gelatin is nHaiuvaleiit an«! in 
the case of tin* strong H-jiSOi it is bivalent. lienee^ it i> only 
the val(‘.ncy and not tin^ naiur(‘ of the ion in ctiinbiiiation with 
gelatin which ufh^cts the dc^grec^ of swilling. 

{(!) ViseustTY 

The valency rule whidr pc^nnits us to predict fin* relative 
osmotic pressure of solutions of j>rotein Itohls also in the ease 
of viscosity of gelatin and casdn solutiouH. 

We will begin with experim(*nls on tlie influence uf gehitiii 
on the viscosity of waterd A 1 imu* cc*ni stcick siiliitioii of 
isoelectric gelatin was pnqrared, and some of the stfiek soliifion 
was heated to 45® and made u]) to a Lt> per cent sfilutioii in 
quantity sufficient for a day’s (*xperiments. This l.tl per eeiif 
solution was kept during the day at 2T^'Ck To off e.ia of thin 
solution was added the desinal add or alkali in siiffidiuif c|Ufiiif ity 
and then the volume raised to 100 c.e. l>y the* inhlition «»f eriiiiigii 
distilled water. Th(^ O.H pen* (‘fuit solution wtm thefi rnpiilly 
brought to a temperature of 45®, k«*pt thc*re for I iiiiniite ninl %%in4 
then rapidly cooled to 24®Ck The* sohition wits stirred const itrilly 
during the heating and cooling. Tin* viscosity was iiieiisiired 
immediately after tlie solution was csaled t.o 2’r( h The inein^ure* 
ments were all made at 24®(k by using the time of fititflow 
through a viscomedvr. The time* of outflow of diHlillf^tl ivaler 
through the Ostwald viscoimlxu- uscal was exiiclly I itiiiiiife at 

^Loeb, J., J, Gm, PhymoL^ vel. 3, p. Hfi, 1920 21. 
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21 'C Ivtf'ii inpasun*iu<*iit of vinfunity was n*fH‘af<*(i with t.ha 
Hjiiiip HilutiiHi aial thi* ba^ianirip: ^*^(1 tha and d’ a nariaH 



Fia. 22. <’nrvi‘!i nlftliv#* vhiMwity of CLH pc^r writ mAiitJon fit 

originally gcL’ifin hroughf to fliffm'nt pi I. 'FIhi rurvnH ff»r niftfivii 

vinmiiity of giliitin rhlfirifin, pho,H|»inif i*. nml (midufi; nrt* pmrUrally idi»ntif‘al. 

vif4rrif»ify k givrii m titm* of outflow of goiafiri mihifion dividod by time 
of iittfllow fif wfilur thrcnjgh %d.?4f'ouii'for nt 2VH'. 

eoiiHiHlacl in tha riiiaiHurainant of vinaoHity <if iBoalaatric galiitin. 
Thcmit latti^r inoaHuraniiniiH agn^tal in all ftxporirianitii within 1 
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second varying only between 80 and 81 seconds, thus guarantee' 
ing the reproducible character of the experiment. 



Fig. 23 . — Curves representing relative viscosity of gelatin succinate, tartrate, 
and citrate. The curves are practically identical with those for the viscosity of 
gelatin chloride and phosphate. 


The results can be given briefly. Figure 22 gives the curves 
for the relative viscosity of 0.8 per cent solutions of gelatin chloride, 



riiK VM.icsi'V uri.K \\i> the HnEMiasrF.u seuiks Hr> 


itK.'ilati". anti iilm.-phatc. 'I'hc aiiscissa* ara lha pH i»l 
tlia Kalatiii 'ultiliiiii', tha iiniiiiidas (ha ratio Ilf (ha I ima of out 
of tin* ifalatin solutions ilividad hv tlia tiiiia of oiitllovv <if pura 



Km L’l viMfiwily of KcliUiii imaOiti'. mono-, (li-. 

nml Oirhloiwrlnl.-. Curv.^. i<i.-nti.-iil with theme for K.-I:ilin rhloritie nml 

watar. For tha sake of Itravify this ((uotiant will ha aillad 
the ralalivi* viscosity <if the nalatiii solution. 'I'ha curves for tha 
four acids all rise staaply from the isoalcctric point with increasing 
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hydrogen ion coneentrution until th(*y reach a iitaxiiiiiiii} at pi I 
about 3.0 or Blightly ahovta TiH‘ (‘urven then lin^p agaiii. 1lip 
curvoB for the thre(‘ salts, gelatiri <*hlon(h\ chxalate.and phe^iihafi* 
are practically identical whik* th(‘ (turves for gelatin is 

conHideral)ly lovv(‘r. 

Figure 23 giv(‘s th(‘ curv{*s for tin* viscfisity gelaf in ritrate. 
tartrate, and succinatxa ’'Fla* threi^ curves an* praet iraliy 
identical and also idcuitical with the (’urves for gelatin eliloridr 
and gedatin |)hosphat(‘ in Fig. 22. 

Figure 24 giv(‘s th(^ curv(‘s for t he viscosity O.H per cent solu- 
tions of originally iso(‘k‘ctric g<4a1in to which acetic and iiioiio», 
di-, and trichloracadic* acids hav(‘ h(‘en added. Fhe nirvi^s are 
again idcuitical with lhos(‘ for gelatin chh^ride, phosphate*, efr. 

The titration curves with ulkalk*s have* slauvn that Ta mifi Hn 
combine with prot(4ns in (»<|uivak‘nt proportionH and we slauild 
hence expect that the viscosity (uirves ha* Ha and C*a |>roteiiiateH 
would bo lower than thoH(‘ for Li, Ka, K, and XII 4 profeinales. 
This was found to l)e corre(!t. 

In experinKmts on the viscoHity of casein solutions the limit eil 
degree of solubility of the salts of eas(n'n has to be c'onHidered. In 
the region from 4.7 to 3.0 or (^v(m a trifk* below indther eiiseiii 
chloride nor casein phosphate is suflicienfly soliilde to |a»riiiif 
the preparation of a 1 per cemt sedution, and in tins region the in» 
fluence of casein on the viscamity of watiu* is, lhercfon% negligible. 
The curve representing the ndativc* viscosity of 1 |st rent eiiseiii 
chloride and phosphate solutions (as companai with Ilia! of faire 
water) rises sharply at pH 3.0. With a furthiT inerense iif the 
hydrogen ion concentration the ctirve falls sfeadily as it did iii 
the case of the curve for gelatin. This indi<’iitt*s that the iiiaici- 
mum for the influence of casein c}ik>rid<t on visetisily lies iit pH 
equal to or greater than 3.0. The* curv(! for the infliienre of 
casein phosphate on viscosity coincides with tlic! eiirvi! for 
casein chloride. 

The difference l)etween th<^ viHcosiiy cnirve of Kii eiiMeiiiiiie 
and Ba caseinate (Fig. 25) is also similar to tliiit tlie 
corresponding gelatin salts. 

In the influence of monovalent or bivalent ions on tlicisi! physi- 
cal properties of proteins whicli are characbuiHtie for colloidal Im*- 
havior only the valency and the sign of charge of the ion play a role, 
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while ions of the same sign of charge and valency have similar 
effects. In the second part of the book it will be shown that this 
is due to the fact that the colloidal behavior is the expression of 
the forces set up by the Donnan equilibrium and in the equation 



Fig. 25. — Curves representing relative viscosity of Na and Ba caseinate for 

different pH. 


for this equilibrium only the sign of charge and valency appear. 
It is also obvious that it would have been impossible to arrive at 
this valency rule without the proof of the stoichiometrical 
character of the combination of proteins with acids or bases, 
especially the proof that weak dibasic and tribasic acids combine 
in the range of pH concerned in molecular proportions. 
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THE ACTION OF NEUTRAL SALTS ON THE PHYSICAL 
PROPERTIES OF PROTEINS 

1. The Diffkhence ix the Effect or Ale ilu.h, 

• AND Halts on Piio'rKiNs 

The most striking!; proof for the* oxi>lorH‘o of vi|H*rifir 

ion eiTects on j)roi(‘ins (aside' from thoso due to val‘'iM’y of fhi* 
ion), scnaiK'd to have' h(‘(‘D furnislicd by ^•xpf•riIllr^lt^‘ on thi* 
influence of runitral salts on the' osniutit* pressure, swelling, and the 
viscosity of protean solutions. 

It has heeai notiee'd by a mnnher of authejrs that tlie infiuenre 
of neutral salts on th(‘ physical |)ropeHi(*s of profein> riiffers from 
that of acids and base's, and variems attemipts have beeui made to 
find an accurate e'xpression for this difTerenf*e. Heaiie h«dd that 
runitral salts form “aelsor[)tion compounds’^ witli ** elref riealiy 
neutral,” f.c., nondonize'd, protein imileanileH, in wliie'li both ioiw 
of the salt were' be'Iie'veul to be' simultane'ously adsorbed hy the 
''neutral” protean me)leTule‘.^ This id(*a is no longer teiialih* ffir 
salt solutiems eif leiw enmc'e'ntrution sin<’e» the* experimemts with 
powdered gelatin discusse'd in (1iapte*r II have* siiown that only 
one (or prac'Aiejally only one*} of the* two ions of a neutral sal! eim 
combine at one time with a pndeiii. At the* isoeleefrie point, 
i.e., at pH 4.7, gedatin eaui eamdanc* with ncitluT iem of a iieiitnil 
salt; at a pH > 4.7 only tlui metal ion of the* iif*ulnd salt f*aii coiit- 
binc with the gelatin, forming inotul gc*Iatinafe*;af a pH 4,7 only 
the anion of the lu'utral salt is (*apahl<* of combiiiiiig with tlni 
protein, forming gc'latin-aciel salts. 

R. fe. Lillie has made the'state'nu'Tit that while aedels iiitd iilkalies 
increase, salts depress the osmotic pre'ssure of gidatin.^ Thi-H 
statement, while it was the* e^xpiTssion of facts iictuiilly observed 

^ Pauli, W., Forlschr. naiurwim. Form-hung, vol. 4, p. 2211, 11112, 

2 Lillie, \i, 8., Am. J. PhymoL, vol. 20, p, 127, 1007“ 08. 

88 


THE ACTION OF NEUTRAL SALTS 


89 


by Lillie, is not entirely correct owing to the fact that the influence 
of the hydrogen ion concentration of the gelatin solution was not 
taken into consideration. It was shown in the preceding chapter 
that if acid is added to a gelatin-acid solution of a pH of 3.0 or 
below, the effect is practically the same as when we add a neutral 
salt, namely, a diminution of the osmotic pressure of the solution; 
and that when alkali, e.g,, KOH, is added to a solution of a metal 
gelatinate of pH 11.0 or above, the effect is also a similar depres- 
sion of the osmotic pressure to that caused by the addition of 
KCl. A depression is also noticed when some acid is added to a 
solution of metal gelatinate or when some alkali is added to 
gelatin-acid salts; since in both cases the gelatin is brought nearer 
to the isoelectric point. 

It is also incorrect to speak of an antagonism between the 
effects of acids and salts, since the facts mentioned show that 
there is also an antagonism between little and much acid; thus, 
if the pH of a gelatin-acid salt is 3.0, a further addition of the 
same acid depresses the osmotic pressure or viscosity. The 
question then arises. What is the correct expression of the facts 
in the case? 

The answer seems to be as follows: Suppose the pH is below 
but near that of the isoelectric point of a protein and HCl be 
added. In this case the more acid is added the more non- 
ionogenic protein is transformed into salt. This salt formation 
raises the osmotic pressure, swelling, and viscosity of the protein. 
This agrees with the views of Laqueur and Sackur, and of Pauli. 
At the same time the anion of the acid has an opposite, namely 
a depressing effect. The addition of acid has, therefore, two 
opposite effects on the osmotic pressure, viscosity, and swelling 
of protein, namely, first, an augmenting effect due to increasing 
protein-salt formation with increasing hydrogen ion concentration, 
and second, a depressing effect due to the anion, in our example 
Cl. At first, the augmenting effect increases more rapidly than 
the depressing effect. When, however, the pH of the protein 
solution approaches the value 3.0 the augmenting influence due 
to the formation of new gelatin chloride grows less rapidly with 
a further decrease in pH than does the depressing effect of the 
anion, and hence, when the amount of acid added increases 
still further, the depressing effect of the Cl ion prevails over the 
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augmenting effect of the H ion. The true reason for this will 
appear in Chap. VIII. 

When an alkali, e,g., NaOH, is added to a protein, e.g., gelatin, 
with a pH slightly above 4.7, at first more of the non-ionogenic 
protein is transformed into metal proteinate, e.g., Na gelatinate; 
and this raises - the osmotic pressure, viscosity, and swelling 
rapidly by causing an increase in the concentration of ionized 
protein for a reason which will be given later. The cation of the 
alkali, the Na ion, has a depressing effect on these properties, 
and this depressing effect begins to be visible when the pH 
exceeds a certain value. After this, with a further addition of 
alkali, the depressing action of the cation {e.g,, of Na) increases 
more rapidly than the augmenting action of the OH ion. 

The addition of neutral salts of a concentration below n/16 
to isoelectric gelatin has no effect on osmotic pressure, viscosity, 
or swelling of the gelatin solution. When neutral salt is added 
to a gelatin solution on either side of its isoelectric point only a 
depressing action of that ion which has the opposite sign of 
charge to the protein ion is observed. No augmenting action of 
the ion with the same sign of charge as the protein is noticeable. 
Thus, if CaCbor Na 2 S 04 is added to a solution of gelatin chloride 
or gelatin nitrate only a depressing effect of the Cl or SO4 ion 
is observed but no augmenting effect of the Ca or Na ion; while 
when these salts are added to a solution of a metal gelatinate only 
a depressing effect of the Ca or Na ion is apparent but no aug- 
menting effect of the anion. ^ The theoretical reason for these 
effects will be given in Chap. VHI. 

An approximately 1.6 per cent solution of isoelectric gelatin 
was prepared and brought to a pH of 4.0. The solution was made 
0.8 per cent in regard to the originally isoelectric gelatin by adding 
to 50 c.c. of the 1.6 per cent solution either 50 c.c. of H 2 O or of a 
salt solution, e.g., NaCl, of different molecular concentration, 
from m/8,192 to 1 m, taking care that the hydrogen ion concen- 
tration remained the same. The time of outflow through a 
viscometer was determined in the way described in Chap. V, 
and the ratios of the time of outflow to that of water were plotted 
as ordinates over the pH as abscissse (lower curve. Fig. 26). We 

^ The contents of this chapter are based on Loeb, J., J. Gen. Physiol., 
vol. 3, p. 391, 1920-21. 
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will designate this value as relative viscosity. The addition 
of the NaCl causes only a drop, and no rise in the curve. 



Concentration 

Fig. 26. — Difference in the effect of different concentrations of NaCl and of 
HCl on the relative viscosity of an 0.8 per cent solution of gelatin chloride of 
pH 4.0. In the case of NaCl we observe only the depressing effect of the Cl ion; 
in the case of HCl we notice an augmenting effect of the H ion and a depressing 
effect of the Cl ion, the latter prevailing as soon as the concentration of acid 
added is > n/256. 

If, however, the 1.6 per cent gelatin solution of pH 4.0 is mixed 
with various concentrations of HCl (upper curve, Fig. 26) instead 
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of with NaCl, at first a rise occurs which is followed by a drop 
when the concentration of the Cl ion is a little above n/1,000. 
In Fig. 26 the drop appears at a concentration of about n/256 HCl, 
but the reader must remember that on account of the fact that 



Concentration 


Fig. 27. — The relative viscosity of 0.8 per cent solution of gelatin chloride 
of pH 3.0 is depressed almost equally by the Cl ion of HCl as of NaCl. The 
augmenting effect of the H ion in the case of HCl is no longer noticeable. 


part of the acid combined with the gelatin the pH of the solution 
was about 3.0. In other words, while the addition of H ions 
increases the viscosity of a solution of gelatin chloride of pH 4.0, 
the addition of Na ions does not have such an effect, but the Cl 
ion depresses the viscosity in both cases, no matter whether 
NaCl or HCl is added to the gelatin solution; and the depressing 
action of the Cl ion increases with its concentration. Moreover, 
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the increase of the viscosity by the H ions stops as soon as the 
pH of the solution reaches about 3.0 for the reason stated. 

When the same experiment is repeated with a gelatin solution 
of pH 3.0, the addition of NaCl immediately causes a drop also 



Fig. 28.- 
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Concentration 

-When the gelatin solution has a pH of 2.5, HCl and NaCl depress the 
relative viscosity of the gelatin solution to the same degree. 


(Fig. 27) while the addition of HCl no longer causes a rise but 
the drop commences a little later than in the case of NaCl. 

When, however, the same experiment is made with a gelatin 
solution of pH 2.5 (Fig. 28), an immediate drop is noticed upon 
the addition of HCl as well as in the case of the addition of NaCl, 



94 


THEORY OF COLLOIDAL BEHAVIOR 



and the curve for HCl coincides practically with that for NaCl, 
as our theory demands. 

That the depression of the viscosity of gelatin chloride due to 
the presence of a salt is exclusively determined by the anion of 



Concentration 


Fig. 29. — The depressing effect of equal molecular concentrations of NaCl, 
CaCh, and LaCls on the relative viscosity of 0.8 per cent gelatin chloride solution 
of pH 3.0 is roughly in proportion to the concentration of the Cl ions in the 
solutions; i.e., as 1:2:3. 

the salt and that the cation has no augmenting effect is shown 
in Fig. 29, where the influence of NaCl, CaCh, and LaCh upon 
the viscosity of gelatin of pH 3 .0 is represented. Fifty cubi c centi- 
meters of a 1.6 per cent solution of gelatin chloride of pH 3.0 were 
added to 50 c.c. of a solution of different concentrations of each 
salt as described, the pH being kept at 3.0. It is obvious from 
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Fig. 29 that the molecular concentrations of NaCl, CaCl 2 , and 
Lads, which depress the viscosity to the same level are approxi- 
mately in the ratio of 3:2:1. Thus, when the effect of NaCl and 
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Fig. 30. — Showing that NaCl and CaCla have the same depressing’effect on the 
viscosity of gelatin chloride of pH = 3.0 when the concentration of Cl ions is 
the same. 


CaCU is plotted over the same concentration of the Cl ions the 
curves for the salts become nearly identical (Fig. 30) , and the same 
would be practically true for theLaCU curve. From this it follows 



Relative viscosity 


96 THEORY OF COLLOIDAL BEHAVIOR 

that the depressing effect of these three salts on gelatin chloride 
is practically exclusively a function of the concentration of the 






Concentration 

Fig. 31. — The relative depressing effect of equal molecular concentrations 
of NaCl, Na2S04, and Na4Fe(CN)6 on the relative viscosity of a gelatin chloride 
solution of pH 3.0 is approximately as 1:4:16. 


Cl ion, while no augmenting effect of the cation is noticeable. 
This observation disposes of vague hints found in the literature 
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of colloids that the opposite ions of a neutral salt affect the prop- 
erties of a protein in an opposite direction. We made sure 
that in all these cases the pH of the gelatin solution was not 
altered by the addition of the salt. 

When 0.8 per cent solutions of gelatin chloride of pH 3.0 are 
prepared in solutions of Na salts with the anion of a weaker 
acid, e.g,^ Na2 oxalate, Na4Fe(CN)6, the pH is increased and 
there exists the danger of erroneously attributing a depressing 
effect to the anion which in reality is caused by the increase in 
pH. In Fig. 31 the effects of the addition of equal concentrations 
of NaCl, Na2S04, and Na4Fe(CN)6 on gelatin chloride of pH = 
3.0 are plotted. In the case of Na4Fe(CN)6 only the lowest 
concentrations, from m/8,192 to m/1,024, could be used, since 
in these only did the pH of the protein solution remain = 3.0. 
Figure 31 shows that the depressing effect of these salts increases 
rapidly with the valency of the anion. When the concentration 
of the salt was only m/ 1,024 a drop in the viscosity was already 
noticeable. This drop was small in the case of NaCl (from 2.8 
to 2.6), was greater in the case of Na2S04 (from 2.8 to 2.35), 
and considerably greater in the case of Na4Fe(CN)6 (from 2.8 
to 1.5). The objection might be raised that since Na2S04 has 
twice as many cations as NaCl of the same concentration and 
Na4Fe(CN)6 has four times as many cations, it was the difference 
in the concentration of the cations which caused the difference 
in the drop. This is refuted by the fact that Na2S04 causes a 
drop in the specific viscosity to 1.8 at a concentration of m/256 
while NaCl causes the same drop at a concentration of above 
m/64 which is about four times as high. If the concentration 
of the cation were responsible for the drop the two concentrations 
should be more nearly as 1 : 2 . Na4Fe(CN) e causes the same drop 
of the viscosity to 1.8 at a concentration less than m/1,024. 
Hence, the concentration of Na4Fe(CN)6 required to cause the 
same diminution of the specific viscosity as that caused by m/64 
NaCl is less than one-sixteenth of the latter, while it should be 
only one-fourth if the cation were responsible for the drop. 

Experiments on osmotic pressure and on swelling lead to the 
same formulation of the difference in the effect of acids and salts 
as the viscosity experiments. 

What has been shown for the effect of acids on the physical 
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properties of proteins can also be shown for the influence of 
alkalies. Thus, the addition of KOH to Na gelatinate of pH 12.0 
depresses the viscosity in the same way as the addition of KCl 
(Fig. 32) ; while the addition of little KOH to Na gelatinate of 
pH 4.8 to 8.0 increases the viscosity, and the addition of KCl to 
Na gelatinate always depresses the viscosity. The depressing 
effect of salts on the viscosity of solutions of metal gelatinate is 


CO 

8 

> 

OD 

> 


<5 

ft:: 



Concentration 


Fig. 32. — The depressing effect of KOH and KCl on Na gelatinate of pH 12.0 
is practically the same. 


due to the cation of the salt added, that of bivalent cations 
being greater than that of monovalent cations, while the valency 
of the anion has no effect. 

We have already stated that the addition of neutral salt to 
isoelectric gelatin leaves the viscosity and osmotic pressure of the 
solution practically unchanged. . This fact is of great importance 
for the theory of colloids. 

The depressing effect of neutral salts on the physical prop- 
erties of proteins is, therefore, the same phenomenon as the 
drop in the curves of these properties when too much acid or too 
much alkali has been added. It is due to the fact that in all 
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cases tlait ion wliieh has the opposite* sign of ciinr^t^ (o that of 
the protein ion (l(‘pr(‘.ss<‘s tlu* osinotic pr(‘ssnr(*, swelling, and 
viscosity of i)rot(‘i ns. 

2. Ion Skktks and thk Action ok Salts on Phothins 

From what has iKam said, it is clear that only om* of t he ions of 
a neuitral salt influence's the jihysical pre>pe‘rti(‘H of a protean, 
namedy that ion which has the^ e)ppe>sit(^ si^n e)f ediar^i:(* to t he^ 
protean ion; anel this influence* is eif a ele^pre^ssinp; ednirachaL We 
will now show that this e‘fT(‘ct elepeuiels only uj>on the vahuK’y of 
the elepiTssing ie)n and that eliffereuit ie)ns e>f the* same* valency 
have* the* same* (l{*pre*ssing e*fTe*ct. It is nee*,e*HHary te) e’e)m|)ar(‘ t he* 
relatives el(*pre*ssing ae*tion e)f low but espial e.one*(*ntratie)nH of 
different salts upon the* physieail prope*rtie‘s e)f a gedatin salt, for 
example, gedatin cliloriele e)f a elevfinite* pH; c.f/., 3.0. Ah can Im 
easily surmised, the* adelition e)f a salt will in many erases alteu’ the^ 
pH of the solution and this alteration will he^ hirgew in the^ ease* e)f 
ceirtain salts, e.g., Na acetate*, than in the e*,as(* of e)the*rH, 
NaCl. Unle^HS w'c* takei into eK)nsieleratic)n tlie'se* variations in the^ 
pH causeHl l>y the* aelditie)n e)f salts thence* will be* elang(*r of 
erroneiously aseadbing the influe*nce* e)f a variatie)n in the* liydre)ge*n 
ion cone)emtratie)n te) an influeneM* e)f the nai.urc e)f the aniejn. 
The Hofrnedster ion se*ri(*s, as far as the*y re*fer te) protedns, are 
largely due to this e‘rror. 

The method of our e*xperirnents was as follows: 50 c.c. e)f a 1.6 
per cent solution of originally iseiedeu^trie gedatin ce)nt 4 un(Hl e‘ne)Ugh 
HCI to make the pH = 3.0. To this were^ adele*el 50 cjl of H^H 
or of a salt solution of different moIe*cular e!one!e*ntration, anel the^ 
viscosity of this mixtures was rneuisureHl using the)He precautie)nH 
which were described in the preceding chai)t(*r. 

Figure 33 gives the curves repre*s(*nting the depre‘HHion e)f the* 
relative viscosity of a gelatin chlorides seilution e)f pH 3.0 by dif- 
ferent concentrations of salts with monovalent einion; name*Iy, 
NaCl, NaH 2 P 04 , NaCNS, NaH tartrate, Nalls citrate*, and Na 
acetate. The curve for Na 2 H ()4 is aelele‘el fe)r ete)mpariHom 
monoBodium salts of weak dibasic anel tribasie*, acids diHHoedatc* 
elejctrolytically into a Na ion and a monovale*nt anie)n, H 2 P 04 , H 
tartrate, H 2 citrate, etc. All the salts m(*ntie)n(*el in Fig. 33 an* 
therefore salts with monovalent anion with the exception of 
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Fig. 33. — The depressing effect of different salts with monovalent anion 
(NaCl, NaH2P04, NaCNS, NaH tartrate, and NaH 2 citrate) on the relative 
viscosity of 0.8 per cent solution of gelatin chloride of pH 3.0. The effects of 
NaCl and NaH2P04 are identical since the pH is not altered by the addition of 
these salts. The depression in the values for the relative viscosity is greater in 
the case of Na acetate than in the case of NaCl for the reason that the Na acetate 
raises the pH of the gelatin chloride solution. 

effect of these salts (with the exception of Na2S04) should be 
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nearly the same and that deviations from this rnh‘ sliould find 
th(‘ir explanation in <a)rrespondinK<ieviati<ms of tla* pH due* the 
infinerH*(‘ of certain of th(‘ salts. \Vc‘ will first (‘onsider this latter 
infiu(me(‘ as giv(‘n in Tables Vd, which shows tin* results of the 

Tahlh VI. " C -HANajKs IN idl OF O.H Pkh C'knt (Iklatin (‘imoun»K of 
i>n - a.O reoN AnarnoN of Vahiou.h C’oNei-;iNTUATi<>NH of Sai/cs 


MoI<*(‘ul}ir concent ra,( ions of salts iiHcd 



NaCI 

P()3 

03 

.0 

3 

0 


03 

0 

3 

03 

0 3 

,0 

i 0 3 

0 

3 

0 3.0 

Na,S()4 

XDA 

03 

.0 

3 

.0 

3 

o!3 

0 

3 

03 

0 3 

or, 

i. 13 

2 

3 

3 :i,35 

KaIbiP(>4 

iA)A 

03 

.0 

3 

0 


o|:5 

0 

3 

03 

I 3 

2 

i.3 3 

4 

3 

45^3 5 

NaCNH 

5.0 n 

03 

0. 

3 



0*3 

0 

3 

t3 

2 3 

3 

i.0 3 

0 

4 

2 4.4 

Nall tartrab^ 

5. on, 

0 3 

.0 

3 

.0 

|3. 

0^3. 

.0 

3 

13, 

3 3 

45 

5.5 3 

55| 

1 

j 


Nails citrate 

5.0 n. 

0 3 

.0 

3 

,0 1 

,3. 

0 3. 

1 

3, 

2 3. 

4 3 

r, 

5.7 3 

7.'-, 

1 

[ 


Na acetab; . 

;5-0 3. 

0 3 

.0 

3 

or, 

3. 

I 3 . 

3 

3 

74, 

3 4 

0 i 

t 

I 





meaBurernents of pH in these* ditTeuauit. K<*hatin solutions nfUu' 
the addition of salts. '‘Fhe^ original gedatin (ddoridt* solution had 
a pH of about 3.0 and the* pH was not alteu-eul by t he* addit ion of 
Na(d and only slightly by the* addition of NaHi.Pt )4 in con- 
centrations Ixdow m/H). A(*cording to the* vahuu’y nde the* 
curves for the d(‘pressing effecd of Na( d and NallaPt >4 shoidd lx* 
almost identical and Fig. 33 shows that, this is tin* (‘asc*. 

Table VI shows that NaC!NS, inonoscxlium tart rate, a,nd mono- 
sodium citrate raise tlx* pH of the solution jis s(x)n as the con- 
centration rcuiches M/r28 or mona If \vv. considiu- this cdTect, 
we must c*xpect to find that th<^ drop in t.h<‘ <nirv<‘H bu* NaC’NS, 
monosodium citrate*, and monos(xlium tartrab* is a, little sf(‘eper 
in concentrations of m/I2B and a,bovc than tlic* curva* for tlie 
depressing effextt of Na(d. Figu^^ 33 shows that t he curv(‘S ha 
the deprcissing cdT(‘ci of t h(*s(‘ thn!(^ salts an* slightly lower tlian 
the curve for Ka(!I or NuIbil^O^. dlu* gn‘at<‘st apparent, 
deviation from tlu^ vahmey ruh* (xa-urs in thf* (uirvc* for Na, acedate 
whose depn*ssing (‘ffect is of t.lu^ order of t hat of NanSO^j. 

In th(^ colloidal Iitf*ratun* it is always sta,ied Miat Na. acetate 
acts lik(j Na-iSO^ and Hiis is inU^rpretieci to umm tlud. the a.cct,af 4 t 
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anion acts like the bivalent SO 4 anion and not like the monovalent 
Cl or NO 3 anion. Table VI shows that Na acetate also depresses 
the hydrogen ion concentration more than NaCl or NaH 2 P 04 ; 
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Pig. 34. — When the pH is kept equal the depressing effect of equal concentra- 
tions of NaCl and Na acetate on the relative viscosity of an 0.8 per cent gelatin 
chloride or gelatin acetate solution of pH 3.3 is the same. 


m/64 Na acetate brings the gelatin solution practically to the 
isoelectric point, and at the isoelectric point the viscosity of 
gelatin solution is a minimum. This lowering of the hydrogen ion 
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concentration (and not the alleged influence of the acetate anion) 
explains the excessive depressing effect of Na acetate. That 
this interpretation is correct can be proved in the following way: 
0.8 per cent solutions of gelatin acetate of pH 3.3 and gelatin 
chloride also of pH 3.3 were prepared. The relative viscosity 
of these two solutions was practically the same (both were 0.8 
per cent solutions in regard to originally isoelectric gelatin). 
The solution of gelatin acetate of pH 3.3 was made up in various 
concentrations of Na acetate of pH 3.3. The Na acetate solu- 
tion of pH 3.3 was obtained by dissolving m /16 Na acetate in 
13^ M acetic acid and the various degrees of dilution of this 
m /16 Na acetate solution of pH 3.3 were brought about by 
dilution with pure acetic acid of pH 3.3. The non-dissociated 
molecules of acetic acid have no more depressing influence on 
the physical properties of proteins than have the molecules of 
any non-electrolyte. Figure 34 gives the curve representing the 
depressing effect of Na acetate on gelatin acetate of pH 3.3, when 
the pH is kept constant. 

The gelatin chloride solution of pH 3.3 was made up in different 
concentrations of NaCl and the depressing effect of NaCl on the 
viscosity of gelatin chloride is also plotted in Fig. 34. It is 
obvious from Fig. 34 that the depressing effects of Na acetate 
and NaCl are identical when the pH is kept constant and identical 
in both cases. 

The same fact was confirmed in a somewhat different way. 
A 1.6 per cent solution of gelatin chloride of pH 3.0 was made up 
in various concentrations of Na acetate also of pH 3.0. In 
order to prepare Na acetate solutions of pH 3.0, m /4 Na acetate 
was dissolved in m /4 HCl and the various dilutions required for 
the experiment were obtained by diluting the mixture of equal 
parts of m /4 HCl and m /4 Na acetate with m/1,000 HCl. 

The 1.6 per cent gelatin chloride solution of pH 3.0 was diluted 
with 50 c.c. of this mixture so that the resulting 0.8 per cent 
gelatin chloride solution of pH 3.0 contained various concentra- 
tions of Na acetate (or more correctly of NaCl and Na acetate). 
The curve representing the depressing effect of this salt is given 
in Fig. 35, and is shown to be identical with the curve representing 
the depressing effect of the addition of NaCl to gelatin chloride 
of pH 3.0. 
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We can, therefore, state that sodium acetate has the same effect 
on the viscosity of gelatin chloride as the addition of any other 
salt with monovalent anion, and that the anomalous effect 
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Concentmtion 

Fig. 35. — See legend of Fig. 34, except that the pH of gelatin solution is 3.0. 

ascribed to the acetate anion in the colloidal literature is in 
reality due to the depression of the hydrogen ion concentration 
of the gelatin solution by the Na acetate, which is a buffer salt. 
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The failure to recognize the buffer character of salts, like the 
acetates, citrates, and tartrates, has led to the error of the Hof- 
meister ion series. In reality we find our valency rule confirmed 
whereby all salts with an anion of the same valency have about 
the same relative depressing effect on the viscosity of a gelatin 
chloride solution if the pH of the solution is kept constant. 
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Fig. 36. — Showing that the depressing effect of salts with monovalent anion 
on the swelling of gelatin chloride of pH 3.3 is similar to that on the relative 
viscosity. All salts with monovalent anion depress the swelling of gelatin chlor- 
ide to the same extent, the seeming deviation from this rule being due to variation 
in the pH of the gelatin solution caused by buffer salts. 


What has been demonstrated for the effect of these salts on the 
viscosity of gelatin solutions holds also for their effect on the 
swelling of gelatin. The same volumetric method for measuring 
the swelling effect was used which was described in the preceding 
chapter. Figure 36 gives the relative depressing effect of NaCl, 
NaH 2 P 04 , NaCNS, monosodium tartrate, monosodium citrate. 
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and Na acetate on the swelling of gelatin chloride of pH 3.3 
(the curve for Na 2 S 04 is added for comparison), and Table VII 
gives the variation of the pH of the gelatin caused by the addition 
of these salts. Our theory demands that all these salts (except 
Na 2 S 04 ) should depress the swelling of gelatin chloride of pH 
3.3 to the same amount, and that deviations from this rule 


Table VII. — Changes in pH op 0.8 Per Cent Gelatin Chloride of 
pH = 3.3 UPON Addition of Various Concentrations of Salts 



Molecular concentrations of salts used 

0 

m/8,192 

m/4,096 

m/2,048 

m/1,024 

m/512 

m/256 

m/128 

m/64 

m/32 

m/16 

CO 

s 

NaCl 

3.33.3 

3.3 

3,33.3 3,33.3 

3.33.3 3.3 3.3 

3.3 

NajSOi 

3.33.3 

3.3 

3.33.3 3.33.3 

3.33.353.4 3.5 

3.6 

NaHsPOi 

3.33.3 

3.3 

3.33.3 3.33.3 

3,33.4 3.5 3.6 

3.7 

NaCNS 

3.33.3 

3.3 

3.33.3 3.33.3 

3.33.3 3.3 3.35 

3.4 

NaH tartrate. . .- 

3.33.3 

3.3 

3.33.3 3.43.5 

3.53.6 3.7 3.7 

3.7 

NaH 2 citrate 

3.33.3 

3.3 

3.33.3 3.43.5 

3.63.8 3.853.9 

3.9 

Na acetate 

3.33.3 

3.3 

3.43.453.53,8 

4.34.8 5.2 5.4 

5.5 


must find their explanation in variations of pH caused by the 
addition of salt. Table VII shows that the variations in pH are 
small for NaCl, NaCNS, and NaH 2 P 04 and hence, the curves 
for the depressing effect of these three salts upon the swelling of 
gelatin are almost identical, as the valency rule demands. Mono- 
sodium citrate and tartrate have a greater depressing effect on 
the hydrogen ion concentration and Na acetate has a still greater 
depressing effect than these two salts. This explains the appar- 
ent deviation of the curves for these three salts from the valency 
rule. 

A. D. Hirschfelder^ has published a paper on the effects of 
different salts on the swelling of fibrin in HCl in which he showed 
that the effect of citrates, acetates, and phosphates on swelling 
was the same as that of chlorides, bromides, and nitrates if the 
hydrogen ion concentration was kept constant; only the sulphates 
had a greater depressing effect. The influence of salts on the 

^HirscMelder, A. D., J, Am. Med. Ass., vol. 67, p. 1891, 1916. 
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swelling of fibrin is, therefore, identical with the influence of 
salts on the swelling of gelatin. 

The osmotic pressure, viscosity, and swelling of Na gelatinate 
should be depressed by the cation of a salt and the more so the 
higher the valency of the cation. Figure 37 shows that this is 
true for the swelling of Na gelatinate of pH about 9.3. The 
molecular concentration in which the swelling is depressed by the 
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Fig. 37. — The depressing effect of neutral salts on the swelling of Na gelatinate 
of pH about 9.3 is due to the cation of the salt, the depressing effect of NaCl being 
half as great as that of Na2S04 of equal molecular concentration of Na2S04 while 
that of CaCn is considerably greater owing to the fact that Ca is bivalent. 


same amount is about half as great for Na 2 S 04 as for NaCl 
(for molecular concentrations from m/256 to m/32), while it is 
about eight times as high for NaCl as for CaCU, roughly proving 
that the cation is responsible for the depression. The pH of 
the gelatin was practically the same in all solutions. 

All these data confirm our valency rule, whereby ions of the 
same valency and the same sign of charge have, in the same 
concentration, nearly the same depressing effect on osmotic 
pressure, swelling, and viscosity of proteins; while the depressing 
effect increases rapidly with the valency. The Hofmeister ion 
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sericB are chiefly due to the failures to inc^usure flu* influence 
of the salts on tlu) hy(lrofz:en ion (‘on(‘('ntrati(jn of tin* p‘Iatin 
solutions. This iH^gleet has ^ivvn rise* to I lie statement that 
salts like sodium a(*(‘tai(‘ liava* tlui sam(‘ depressini^ efYect on 
the physical prop(‘rti(‘S of ])rot(‘ins as ih(‘ sulpliat(‘s. 

Neutral salts, wlnui ad(l(‘d in low conciot rat iiUiS ij\, below 
m/K) — affect tla^ physical projxu’t i(‘S of proteins in two different 
ways: first, by an (‘X(*hnnfiC(‘ of (Uie of th(‘ ions of the salt bir the 
ion with whi<th tlu^ prot(*in is in combination. Thus by a«ldin|( 
K 2 S ()4 to a solution of gelatin chlorid(% g(datin sulphate is fca'ni(*d 
resulting in a diminution of osm(dic lin^ssiin*, visi’osit v, etc,, of tht* 
prot(‘in solution; or if K( 1 is added to g(*laJin sulphate the reverse^ 
cluanical a.nd physical changc‘s take placa*. If the protein is on 
th(i alkaline side of its isodcad rie point, (jj., in tie* ease nf Xa 
g(datimit(‘, th(‘ addition of a salt with bivalent cati(ui, 
MgCdo or (-aXdo, etca, n^sults in the format itui of Mg or ('a 
gehitinate with th(^ c()ns(‘(|U(*n(M‘ that th<* oMtndir prev^ure. vis« 
cosity, aaid swelling of ilu^ gelatin is diininislaai. By mixing 
twe) (lifTeu'cmt salts, eae/., Nba( 1 anel MitIIm, tin* antagonistic elTeads 
so W(‘I1 kne)wn in l>ie>logy can be‘ imitafeeb 

The^ sec,()nd clTe.‘(‘t eaf the* aelelition of a ne*utral salt to a solufieni 
of a protein is a gemeu’al ele‘pr<‘ssing elYctd on I lie physical proper- 
ties of a solution of a. protein salt and this depres-lon is rauseal 
by that iein of the* salt whieli has the opposite sign of iliarge to 
that of thei {iroteln ion. Thus all aiiiems n^ganiless of valency 
dcpr(‘HS the* osmotic* pr(‘ssure, vise’osity, and swelling of gelatin 
chloride and the* de^preassing elTcct inc*r<’as«*s wifli thi* fauiceiif ra- 
tion and vale‘n(\y of the* anion of the sail added. All eaatioiis 
(l(‘press the* vis(*osity, swelling, and osmotii* pressure of Xa gela- 
tinate* and thei more* so the* highe*!' tin* cone’emtralioii and vitlenc'y 
of tlu* cations addexl. 

This (*fYc‘e*t is similar to the* de*pression of fli*ctro!yttc diHSociii- 
tion of one* (‘h'cirolyte* eauHe*d by the addition of a se^cruid elect ro- 
lyte with a (*ommon ion, but, neve*rf lnle*sH. the salt l•fTeefs jiiKf, 
mention(*(i are* not (or only to a negligillc dcgrf*ej din* to a ilepres- 
sion of the* d(*gre*(* of e‘I<*ctroIytic- diHsexlaf ion eif the preiteiii salt, 
but are due* to Donnards mernlmine* ee|iiilibriiiiii. 

Previous authors had alre*ady rl#.HerveeI that only el«*cfrolytes 
have a depn*8Hing etffect on the* physic-al proper! i<*s of firtitein 
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solutions, such as osmotic pressure, viscosity, etc., while non- 
electrolytes, like cane sugar, have no such effect. Since in these 
older experiments the pH was not considered and since this fact 
is of paramount importance, it seemed desirable to repeat them. 
It was found that non-electrolytes, like cane sugar, have no 
depressing effect on the osmotic pressure or the viscosity of gelatin 
solutions. Solutions of gelatin chloride of pH 3.4 containing 1 gm. 
of originally isoelectric gelatin in 100 cc. solution were made up in 
various concentrations of cane sugar, were rapidly heated to 45® 
and rapidly cooled to 24®. The time of outflow of the gelatin 
solutions through a viscometer was measured immediately. In 
addition the time of outflow of the pure sugar solution was also 
determined at 24®C. The ratio of the time of outflow of the 
gelatin-cane sugar solution divided by the time of outflow of the 
pure cane sugar solution was thus determined. The results given 
in Table IX show that the ratio of viscosity of gelatin solution to 
viscosity of cane sugar solution is not diminished by the addition 
of cane sugar; in fact it seems, if anything, slightly increased if 
the cane sugar concentration is above m/8. 

Table IX. — Influence of the Addition of Cane Sugar on the Viscosity 
AND Osmotic Pressure of 1 Per Cent Solutions of Gelatin 
Chloride op pH 3.4 


Concentration of cane sugar 



0 

M/1,024 

M/612 

M/256 

M/128 

M/64 

M/32 

M/16 

M/8 

M/4 

CM 

s 

Viscosity ratio 

Osmotic pressure 
after 21 hours at 
24°C. in milli- 

2,33 

2.31 

2.33 

2.35 

2.30 

2.31 

! 

2.31 

2.30 

2.39 

2.44 

2.57 

meters H 2 O. . . . 

434 

390 

380 

405 

408 

400 

407 

432 

397 

401 

395 


Similar results were obtained in regard to osmotic pressure as 
Table IX shows. 

This fact is one of the prerequisites for the validity of the 
theory of membrane equilibrium, since only ions contribute to 
the equilibrium conditions on opposite sides of the membrane. 
A second prerequisite is, that the addition of salts should have 
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no iTiflu(yn(*(i on tho visrosily, osmolit' |)n*ssiin\ ar P.D. nf prcjfi'in 
solutions at tho is()<‘l(‘('( riu [>oiiit. Hiis |)n*r«‘c|iii>i|r of ihi^ 
Donnan tliuory was also fuHillod. 

In his })ook on '‘Applied Colloid Cdieinisl ry” iiiakos 

the followin^j; eoninuud on the writf‘r\s (‘Xp(Tinienfs on the Ilof- 
meistcir s(u*i(‘s. 

“llnd(‘r the eondilions of th(‘ experiiitentH r.r»e}> fouiifl Ilia! on flu- jirid 
Hide of th(‘ iH()(‘I(Mdrir ])oii)t otdy nniojm of neutral are taken np .mid on 
thc! alkaline side of tin* isoehadrie point only (*ations. Sine*- fhi' l lotfiniMiof 
HCU'ie.s (adls for an (dTeet dta* to both ionn of a neutral kiU on I lie , \u'llui|i^ of 
gelatiiHi, Lo(*l) eorududeH that the IIofmeiHler aeries is a delusion aiel a nare. 
Thin doew not. follow at all. Lo(‘h is working at sueli exfreino dilufiouH that, 
the Hpeeifie (dlecds of all ions hut hydroj^en and hy<lro\\i ioie* an* pr.iefieally 
n(‘.j:i;liji;ihl(*. In a.(dd Hohitions only anions are taken up aiel isi alkaluie 
Holutions ordy cations. Loeh na’ogni/.es the s{)eeifi(' etferi *»f jMdine ionM over 
cldoriiu^ ions in eau.sinjf; tin* li<iuefaetion of gelatine; hut la* ef»i}*idei’ that 
licpndatdion .stands in no nef'cssary ndalion ff> swelling:, an le- aimpf ion wlueh 
will h(^ shared by h‘W. With hij^her salt roneent ratioiiM Bit'h will niaifuiht- 
edly (‘ntindy ditTcrent results.” ‘ 

The answ(T to this eoininent is tliut when Ihinrroff wrote* if he 
had not read ilie writtTks later papers d(‘aliijji: wit It I fie Hof- 
meisttT s(‘ri(*H, A glane(‘ at Figs. 27, 20, 30, 3 1 . 33. 3o, 10, and IH) 
will show that salt solutions up to grainuHiletddar eoneenf rat it>n 
wen^ UH(‘(I without any inditaition of the valiility the Hof- 
meister WTies l)eing ffuincL Ihaneroft will surely lad maintain 
that soluHons of neutral salts uj) 0» mohadilar eoneidit ration are 
so dilute that the efftads of all ions c*xe<*pt the hydrogidi aiicl 
hydroxyl ions ar(» praetieally negligible. 

The wrib^r^H statenumt that the licpudaef ion soliri gelatin 
stands in no necessary relation to swelling is eorreet. sinf*e tiiglier 
concentrations of acd'd.s or of salts like* ( aC 1;. diiiiiiiish the swelling 
of gelatin whih* they iiu'reaHe its sohibilify fsee C Imp. XlVf. 
This is due to the fact^ that swelling and Holution of moIiiI g«dftfiii 
in the pn^stnua* of acid are functioiis of difb*reiit viiriableH, swell- 
ing in acid dc‘i>(‘nding on the Henman ef|uiIihriuiio ivliile the scilii- 
tion of gelatin depemds on the same fcnreH wliifdi are respfinsilile 
for the solution of ordinary erystalloiilH in waiter fprobiihly 
secondary \ni,Iency forc(»s). 

The heli(»f in the validity of the Hofmi‘i,Htf’r series has given rise 

1 BAN(?Koi«a\ W. D., “Applicfi ('idhdfl f lieuiintry,” New Verk iiiiti Hiiicion, 

1921 , pp. 255 250 . 
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to a flood of speculations concerning the nature of physiological 
^nd pathological processes. These speculations were, unfortu- 
J:iately, rarely supported by adequate experimntes and when experi- 
Xxients were made the hydrogen ion concentrations were ignored, 
that the basis of these speculations is always uncertain if not 
positively wrong. Thus it has been suggested that muscular 
oontraction is due to swelling caused by acid formation. This 
may or may not turn out to be correct, but the production of 
a^cid in the muscle can only lead to increased swelling if the pH 
inside the muscle is lower (but not much lower) than that of the 
isoelectric point of the proteins responsible for the alleged swell- 
ing; since otherwise the acid formation could only diminish the 
swelling already existing in the resting muscle. It is obvious 
"that we must know the isoelectric points of the proteins in the 
muscle, as well as the pH in the resting and the active muscle, 
fcefore a discussion of the hypothesis becomes profitable. 

It has been stated that edema is due to the swelling of proteins 
inside the cells caused by acid formation. Not only have none 
of the measurements of the hydrogen ion concentrations required 
for such a hypothesis been made but all critical experiments and 
clinical observations indicate that edema is a phenomenon 
dependent on increased filtration of liquid from the capillaries 
into the spaces between tissues or cells; while there is no indica- 
tion that edema is connected with colloidal swelling. ^ 

It has been suggested that the absorption of water by the 
striped muscle (and by other cells) in hypotonic solutions is due 
to a colloidal swelling caused by acid formation inside the cells, 
but it can be shown that if the solution is rendered isotonic by 
the addition of a sugar, the living muscle no longer absorbs 
water. ^ This proves that the absorption of water by living 
muscles (and other living cells) in hypotonic solution is due to 
the fact that these tissues or cells are surrounded by semiper- 
meable membranes and that the absorption of water by living 
striped muscles or cells in hypotonic solutions has no connection 
with colloidal swelling. 

^ See Hieschpelder, A. D., Trans. Section Pharmacol, and Therapeutics, 
Am. Med. Assoc., p. 182, 1917; and Moore, A. R., Am. J. Physiol., vol. 37, 
p. 220, 1915. 

2 Hober, R., ‘Thysikalische Chemie der Zelle und der Gewebe,” p. 386, 
Leipsic and Berlin, 1914. Loeb, J., Science, vol. 37, p. 427, 1913. 


CHAPTER VII 


THE INADEQUACY OF THE PRESENT THEORIES OF 
COLLOIDAL BEHAVIOR 

We have given a survey of the influence of electrolytes on the 
behavior of proteins and we may now single out those character- 
istics which are specifically colloidal, which do not seem to 
occur in crystalloids. These characteristics are: 

1. The addition of little acid (or alkali) to an isoelectric protein 
(crystalline egg albumin, gelatin, and casein) increases, and the 
addition of more acid (or alkali) diminishes the osmotic pressure, 
the viscosity (and also, as will be seen, the potential differences) of 
solutions of these proteins; and the same is true for the swelling 
of gelatin. 

2. This effect of acids and alkalies depends only on the sign 
and the valency of the ions in combination with the proteins; 
ions of the same sign and valency, e.g.. Cl, NO3, CH3COO, 
H2PO4 HC2O4 etc., influence the properties in the same way, 
provided that th,e properties of the protein solutions are com- 
pared for the same pH and the same concentration of originally 
isoelectric protein, and provided that no constitutional changes 
occur in the protein molecule or ion. 

3. When the ion in combination with a protein is bivalent 
(e.g., SO4, Ca, Ba) the osmotic pressure, viscosity, and swelling 
of the protein are considerably less than when the ion is monova- 
lent (c.g.. Cl, Br, NO3, H2PO4, HC2O4, Na, K, etc.). 

4. The addition of a neutral salt to a protein solution (which is 
not at the isoelectric point) depresses the osmotic pressure, 
viscosity (and P.D.) of the solutions and the degree of swelling 
of gels, and this effect increases with the valency of that ion of 
the salt which has the opposite sign of charge to that of the 
protein ion. 

Any theory which claims to be able to explain colloidal behavior 
must account quantitatively for these four results. As a matter 
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of fact tlic explanations olT(‘re(l in thc‘ colloidal literature* do not 
even suffice as (pialitativc^ (*xplanatioits siiaa? th(*y an* in eanttra- 
dietion with the* facts. 

W(‘ luiva^ s<*(*n in th<^ introduction how th(^ original d(‘firjit.ion 
of colloids l)y (Iralnini, haseal on th(^ non-diffusion of (‘olloiels 
(throu| 2 ;h nH‘rni>ra,n(*s), has of lat(^ Ihkui al)a,ndone‘d by (*olloid 
cheinists in favor of t int nii(t(*lla or ap;f!:r<‘gatioii t}i(‘ory of (‘olloids, 
according to which tint ultimate unit of colloida.1 ina.t.t.(*r in 
solution or sus[)(‘nsion is not the isolatctd rnoh^enile or ion, !)ut 
an aggregate* of tint hit tea* tint nn’cctlla of Na(*g(‘li. Smth a.ggn*- 
gations oc(*ur and thc*y play a role in g(‘l fonmition, pr(*(ti|)it-a,t ion, 
and to sonnt c‘xt(tnt in tint viscosity of i)rot(‘in solutions, but. tln*y 
cannot (tx[>lain tin* infiu(‘nce of (*l(tctrolyt(‘S on tint prop(‘rti(‘S of 
prot(*ins nn*ntion(*d, sirnat tlnty havet only an indir(*(tt corun^ction 
with (tolloidal be‘havior. It will Ixt shown tha,t tint aggregate's 
act like nn^rnbrarn^s blocking tint diffusion of tint ions (tonstitutJng 
tint aggntgatet and this prevention of dilTusion is a souretet of 
colloidal l>(*havior. 

Tint d(tpn*ssing effitett of tint addition of salts to |)rot.(un solu- 
tions cannot Ixt harmoni/ntd with tint aggntgadion tlnnny. Zsig- 
mondy suggests tliat tint depn^ssing (tfTentt of a neuitral sail, on i.lnt 
osmotic pntssure of ii solution of a. getlatin salt might find its 
explanation in tint assumption that tint addition of sa.lt inc.r(tas(‘S 
the degree of aggregation a.nd Intncet diminisln^s tint numbeu- 
of the particles in solution, tint diminution in tint numlntr of 
particles leading to the loweu’ing of osmotic pnsssuntd It is 
undoubtetdly true that salts pntc.ipitatet protetins and that pret- 
cipitation is due to an iintrease in aggretgation, but tint sa,Iting 
out of gelatin from its watetry solution is not (l(‘t.(trmin(td by tint 
ion witli the op{)()site sign of charget to tha-t of tint protenn Urn, 
while we hav(t setetn that the dctpntssing <tfT(t(tt of a salt on tint 
osmotic pressunt of gcthitin solutions is dithtrmitntd by tin; ion 
with the opposibt sign of charge to that of f.lnt probtin ion. In 
otlntr words, the salting out of gctlaiin from it.s waX(‘ry soluf-ion 
is a {)roe{*ss of an (*ntintly difT(*rent chara.(;t.(tr from tin* low(*ring 
of tin; osmotic pntssun; of a protein solution by a mtutra-l suit. 
It is, therefore, impossible to explain tlie latter proccjss by the 
former. 

^ ZsnjMONDY, II., ^'Kolloidchcmic,” 2nded,, p. 342, Lciimit;, 11)18. 
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Moroovor, the att(‘inpi (‘xplain th(‘ daprassiriii: of tlm 

addition of salts on thc‘ basis of Hh' inirolla thoory rail> roin- 
plot(‘ly in the oasc^ of tho otlnn* propcniios of profoin solufioiis 
which arc (‘cpially d(*pr(‘ss(‘d by tlnan as tlu‘ osniolif‘ pressure, 
namely, the viscosity and 11 h‘ IM), 

We shall sens in ('hap. XIII (hat if thc‘ state of a|£gre|rat ion 
increases in a g(‘latin solution ” i.v., if isolated prot<‘in inoleetiles 
or ions unite to form a lar|^(‘r the viseo-ity of the 

solution is th(‘r(‘l)y irnnaaiscal, for tlH‘ natson tliat these agyn^gafes 
occlude conp)a,raliv(dy larj>;(‘ (juantitic‘S of water wiiereby tlie 
relative volum(M>(a*upi(Hl by ih(‘ji;c*latin in thesolutiim is increased. 
This in(*r(‘as{‘ in thc^ volume* of tin* nii(‘i‘Ihe at the expensf* of 
water l(‘ads, as will lx* s(x*n, to an increase* in visc*osity. Ifiuiet*, 
if we assunl^^ that tin* addition of a salt inerea>e> the dejirror of 
a| 2 j^r(*^at'iori in pr()t(‘in solution, it would Ibllow that fhi'^ should 
result in an incnxisc^ of viscosity; while the addition of salt 
depr(‘ss(‘s the* vis(*osity. The* att(*mpt to explain tlie dejaessin|r 
influence of salts on the osmc^tic pn*ssure and visr<fsily of protein 
solutions on the basis of the aggn*ji:at ion theory h ads flicrefore 
to conclusions whi(*h are in contradic'f it»n with the actual facts. 

An attempt to account for the (’(illoidal l)ehavi(U’ of |»rc>tein 
solutions was made l)y Pauli in his thr*(uy of hydration of protein 
ions. 

Kohlrausch had trical to ae(*ouni for the differenc*r»H in tlic 
mobility of difTc*rent ions hy tla* assumpficui thiif each itui is 
8Urroun(l(‘d hy a shrdl of \vaf(*r and that the velocity of iiiigrafion 
of ions is gnaitcst wh<*r(* this shell of water is a minimiiiii. Patili 
assumes that the prot<*in ion is surrounded by an fuioriiioiis 
shell of wat(*r wliihj no such jackc*t. of wab*r Hiina^uiids the 
non-ionized j)rotc‘in.^ The .shell c»f waJer ndirht preveiif the coa- 
leBC(*nc(^ of tla^ protean ions anci, hence, miglit- cause a hii^tier 
degree of disp(‘rsion. On the* basis of flje hydra, ticai theory we 
can find a (jualitative* explanation c^f tla» fxaaiiiar pH e’lirvcH in the 
following way: At tin* isoele<*fnc jHiint protein is in it noii-ioniml 
condition and no liydrution oc<’iU's. Hence, tlie degna* of disjxa*- 
aion of partickis and tin* osmotic firesstin* are ii fiiiniiiiiiifi nt this 
point and the viscosity and swelling should also be u iiiiniiijiiiii, 

^ PAcrj, W., ForiHchr. imturinHH. lutTnchumj, v«*l. -I, p, 22.'l, 11112, ** Kol- 

loidchemie der EiweiH^kuriHjr/* f>rcsdi;a lutd Ill’ill. 
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since swelling might be directly due to the existence of this water 
jacket, and viscosity should also increase with the mass of water 
surrounding each particle. If an acid, e.g., HCl, is added to 
isoelectric gelatin, the latter will be transformed into gelatin 
chloride which, being a salt, is strongly dissociated. The more 
acid is added the more gelatin is transformed into gelatin chloride. 
We have shown in Chap. V that the curves for osmotic pres- 
sure, swelling, and viscosity reach a maximum at a pH varying 
between 3.5 and 2.8, and that they 'then drop. Pauli assumes 
that the drop is due to a repression of the degree of electrolytic 
dissociation of the gelatin chloride (or any protein-acid salt) 
through the addition of more acid on account of the common 
anion. It should, however, be mentioned that Pauli^ and 
Manabe and Matula^ state that the maximum of the curves 
occurs not at pH between 3.5 or pH 2.8, but at pH 2.1 or 2.0. 

Table X shows that the pH for the maximal values of the 
physical properties of gelatin, crystalline egg albumin, and 
casein solutions is considerably higher than 2.1. In fact at a 
pH of 2.1 the osmotic pressure of gelatin chloride and albumin 
chloride solutions is half way down between that at the maxi- 
mum (pH 3.4) and at the minimum (the isoelectric point, 
pH 4.7). 


Table X 


1 per cent protein chloride 

pH where the maximal values are 
observed for 

solution 

Osmotic pressure 

Swelling 

Viscosity 

Gelatin 

3.4 

3.2 

2.9 

Crystalline egg albumin 

1 3.4 



Casein 

3.0 


3.0 


The assumption that the maximum lies at pH 2.1, therefore, 
does not agree with the observations made on the physical 
behavior of the three proteins mentioned in Table X. It might 
be true for the viscosity of solutions of blood albumin, on which 

^ Pauli, W., ‘‘Kolloidchemie der Eiweisskorper,” Dresden and Leipsic, 
1920. 

2 Manabe, K. and Matula, J., Biochem, Z,, vol. 53, p. 369, 1913. 
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Pauli has done most of his work, but Michaelis and Mostynski^ 
have pointed out that there is no maximum of viscosity in the case 
of serum albumin. There is also no maximum in viscosity 
followed by a drop in the case of egg albumin when the pH varies. 

The hydration hypothesis can be put to a direct test by deter- 
mining the specific conductivity of solutions of protein salts, e.g., 
gelatin chloride, albumin chloride, etc. Since according to the 
hydration hypothesis only the protein ion undergoes hydration, 
the variation in the osmotic pressure, swelling, and viscosity 
should be accompanied by a corresponding variation in the 
concentration of protein ions in solution. If, therefore, the 
specific conductivity of gelatin chloride is measured at varying 
pH but equal concentrations of originally isoelectric gelatin, the 
curves representing the values found for conductivity of the 
protein should run parallel with the curves for the osmotic 
pressure, swelling, and viscosity; moreover, the curve for the 
conductivity of gelatin sulphate should be only about half as high 
as the curve for the specific conductivity of gelatin chloride; 
while the curve for the specific conductivity of gelatin oxalate 
should be almost but not quite as high as that for gelatin chloride. 
The experiments show that this is not the case. 

The concentration of ionized gelatin in solution can be deter- 
mined with the aid of conductivity measurements of the solution 
of a gelatin salt, e,g., gelatin chloride, by deducting the conduc- 
tivity of the free HCl in the solution from the total conductivity 
of the gelatin solution, since the gelatin chloride solution prepared 
by the writer’s method from washed powdered isoelectric gelatin 
contains practically no other electrolyte except the free HCl and 
the gelatin chloride. This was proved by ash determinations 
and by the fact that a solution of isoelectric gelatin prepared 
according to our method of washing has practically a con- 
ductivity of zero. The method of procedure was as follows: 

Solutions of different gelatin-acid salts were prepared in two 
different concentrations of originally isoelectric gelatin, 0.8 per 
cent and 2.4 per cent. The specific conductivities of these gelatin- 
acid salts were determined at different pH. The conductivities 
of pure aqueous solutions of the same acids at different pH were 
also measured. In both cases the conductivities were plotted 

1 Michaelis, L. and Mostynski, B., Biochem. Z., vol. 25, p. 401, 1910. 
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as ordinates over the pH as abscissa©. By deducting the values for 
the specific conductivity of the pure aqueous solution of an acid 
from the values for the total specific conductivity of the gelatin- 
acid solution of the same pH the curve for the specific conduc- 
tivity of the gelatin-acid salt for that pH is obtained.^ 

Figure 38 shows that the curves representing the percentage 
of ionized gelatin in gelatin chloride resemble the combination 



pH 2.0 2.2 2.4 2.6 2.8 3.0 3.2 3.4 3.6 3.8 4.0 42 4.4 4.6 

Fig. 38. — Curves for the specific conductivity of 2.4 per cent solutions of 
gelatin chloride, sulphate, and oxalate, showing the entirely different character of 
these curves from that of the osmotic pressure curves in Figs. 14 and 15. 


curves in Fig. 8, since in both cases there is a gradual rise in the 
concentration of ionizable protein at a pH below that of the 
isoelectric point, but no maximum followed by a drop at pH 3.4 or 
3.0. But otherwise the curves for combination and for con- 
ductivity differ; the curve representing the percentage of ionized 
gelatin is almost the same for gelatin chloride and gelatin sulphate, 
while for gelatin oxalate the curve is a little lower. If we attempt 
1 Loeb, J., J. Gen, Physiol, voL 3, p. 247, 1920-21. 
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to account for the low osmotic pressure of gelatin sulphate solutions 
by the hydration hypothesis, the specific conductivity of gelatin 
sulphate should be half or less than half of that of gelatin chloride, 
while the curve for gelatin oxalate should be almost as high as 
that for gelatin chloride. Figure 38 shows that neither expec- 
tation is fulfilled. 
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Fig. 39. — Comparison of conductivity curve and osmotic pressure curve for 
albumin chloride, showing the entirely different character of the two curves. 


Figure 39 shows that the same disagreement exists between the 
conductivity curve and the osmotic pressure curve for solutions 
of the chloride of crystalline egg albumin. These curves, then, 
do not support the hydration hypothesis. 

Paulies hydration theory rests, as stated above, on an assump- 
tion made by Kohlrausch that the difference in the mobility of ions 
is due to molecules of water being dragged along with the migrat- 
ing ion. Lorenz,^ Born,^ and others have come to the conclusion 
that while Kohlrausch^s idea is probably correct for monatomic 
ions it cannot be correct for large polyatomic ions. This would 

1 Lorenz, R., Z. Elektrochem., vol. 26, p. 424, 1920. 

* Born, M., Z. Elektrochem. ^ vol. 26, p. 401, 1920. 
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exclude the assumption of a high degree of hydration of protein 
ions. 

The theory of adsorption is used to explain the precipitation of 
colloids by low concentrations of salts. The experiments de- 
scribed in the second, third, and fourth chapters of this book flatly 
contradict the assumption of such an adsorption when the con- 
centration of salts is low. 

The adsorption theory, the aggregate theory, and the hydration 
theory cannot explain the features of colloidal behavior enu- 
merated at the beginning of this chapter. 

As long as chemists continue to believe in the applicability 
of the adsorption formula to the behavior of proteins, no scientific 
theory of colloidal behavior will be possible. We intend to show 
in the second part of the book that such a theory can be given on 
the basis of the stoichiometrical proof that proteins form true 
salts with acids and alkalies, and that these salts lead to the 
formation of protein ions. Colloidal behavior is due to the fact 
that these protein ions cannot diffuse through many membranes 
which are permeable to the majority of crystalloidal ions, or that 
protein ions form solid gels in which cohesive forces prevent their 
diffusion, while such gels are permeable to crystalloidal ions. The 
theory of the equilibrium conditions resulting from this difference 
in' the diffusibility of the two opposite ions of an electrolyte was 
developed by Donnan. These equilibrium conditions give rise 
to forces, such as P.D., osmotic pressure, etc., which are the only 
cause of colloidal behavior. It will be shown that Donnan^s 
theory gives not only a qualitative but a quantitative and 
mathematical explanation of colloidal behavior. 



CHAPTER VIII 


MEMBRANE POTENTIALS^ 

We have seen that electrolytes influence the osmotic pressure, 
swelling, and viscosity of protein solutions in a similar way, so 
that we must think of the possibility that the cause of this influ- 
ence is the same for all these properties. 

When a solution of a protein salt, e.g., 1 per cent gelatin 
chloride, is separated from distilled water by a collodion mem- 
brane, a potential difference exists across the membrane between 
the gelatin chloride solution and the outside solution with which 
it is in equilibrium. If this P.D. is measured with the aid of a 
Compton electrometer with saturated KCl calomel electrodes, 
it is found that the P.D. is influenced in the same way by 
electrolytes as the osmotic pressure, swelling, and viscosity (see 
Fig. 41 in this chapter). This in itself would only mean the 
addition of another property varying in the same characteristic 
way as osmotic pressure, or swelling, or viscosity of proteins 
under the influence of electrolytes, if it were not for the fact that 
we can correlate the variations of the new property with the 
Donnan equilibrium, and that we can calculate the P.D. with a 
fair degree of accuracy on the basis of this equilibrium. This 
then gives us a rational, quantitative theory of the influence of 
the pH, the valency of ions, and of the concentration of neutral 
salts on a colloidal property of proteins. 

It is necessary to give a brief description of the method of 
measuring the P.D. Suppose that the protein in solution is 
gelatin chloride containing 1 gm. of originally isoelectric gelatin 
in 100 c.c. solution. Such solutions of gelatin chloride are put 
into collodion bags closed with rubber stoppers which are per- 
forated with glass tubes serving as manometers, as described in 
the osmotic pressure experiments. These collodion bags filled 

1 This chapter is based on Loeb, J., J. Gen, Physiol, voh 3, pp. 557, 667^ 
1920-21; vol. 4, pp. 351, 463, 1921-22, 
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with the gelatin chloride solution are dipped into beakers con- 
taining 350 c.c. of aqueous HCl solution of originally the same 
pH as that of the gelatin chloride solution, but free from gelatin. 
The experiments last 20 hours or more at 24°C. to allow the 
establishment of osmotic equilibrium between the two solutions 
(which requires only about 6 hours under the conditions of the 
experiments). After 20 hours or more the P.D. between the 
gelatin solution (which we call the inside solution) and the aqueous 



Fig. 40. — Method of measuring the P.D. between gelatin chloride solution in a 
collodion bag and the outside HCl solution in beaker. 

solution (which we call the outside solution) is measured with the 
aid of a Compton electrometer, giving a deviation of about 2 
mm. on the scale for 1 millivolt at a distance of about 2 m. The 
two electrodes leading to the electrometer are identical (Fig. 40). 
They are calomel electrodes filled with saturated KCl solution. 
One electrode dips through a capillary glass tube into the gelatin 
solution, the other also through a capillary glass tube into the 
outside solution. In order to allow the electrode to dip into the 
gelatin solution, the glass tube serving as a manometer is replaced 
by a funnel, as shown in the figure. In the figure the upper level 
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of the gelatin Bolntion is in ih(‘ funru^L lliis is not nsnlly neees- 
sa.ry huti it is (‘()nv(‘iii<‘nt iuid is aceoinplishcHl by allowing I ho 
collodion bag to pn'ss against tin* glass wall ot the boaker c'on- 



Fici. of {ill aufi vul«*nry of afiion oa fMi, of Mtliitirififi nf f||flf*rofii 

golatin-acid Hultn. Tho curvi'H in Fif?, 41 iirn aiitiiliir to not. iiliiritirfil with) 
tiioBo in Fig, 14. 


taining the outside Holution. Ah a minor but roiiveiiient 
Hory each electrode is conraH-letl wit.h a rvm*rvoir of Hiit-tirnted 
KCl Holution which mak(‘H it |KtHHiblt* let lei tlie KCd nciliitiori in 
the capillary flow out aft(*r <»aeh ineaHurement^ ho that the 
electrode is always cl(.»an for (‘ach new rneiiHurenieiit. Wliiit was 
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inc*usur(Hl in this wiiy wtis, ilu^niforo, th(i oltHtiroinotivo force 
of the* following’ c‘(*ll, 


calonirl sattirat(‘(l 
c’ipctrofli* 1 KCi ‘ 


out.si(I<‘ 
Holu t i<iu 

IK'l 


aolhaliori 

rncin- 

})rana 


inHido 

Holuiion 

g(^latin 

chloride 

+ 


Haturated 

KCl 


c-aloinel 

(^k^(itrode 


It is found that in this (adl the p;olatin solution has a positive 
charge* aiid the* outside* solution a negative charge and that the 
IM). varie‘H with tin* |)H of tlu* gelatin chloride solution, as indi- 
cate*d in Fig* 11. It is also found that th(^ P.D. of gedatin phos- 
|)lia1<* se>lutions is prae’tieadly ideuitie^al with the P.D. of gelatin 
chle)ride* solutions of tlie* same* pi I and that l)oth are considerably 
liighe*r (aheaif 50 jxt ce*nt highe^r, as w(^ shall vSeeO than the P.D. of 
ge'Iatin Hulpfiute solutions. VV(‘ sluill also see that the addition 
of a ne*utral salt to the* ge*Iatin chlorides solution dcipresses the 
PJ). In otheu* weirds, (‘l(a*trolyt(*s infliKuice the P.D. between 
gf*latin c‘hloride* solution and outside solution in a way similar 
U) that in whic*h t!H*y infJueuice* the*, osmotic prcissure and the 
visceisity of the* .same solution. It IxKximes, thcnidkire. of con- 
^jdr*ra.ti k. hnpmlaiice ia^4lrn4L.au t the*, origin of this P.D . W e 
intend to slmw that the* P.D. is due te) the establishment of a 
Donnan e(|ui!iliriuni bc*tw(*en the* gelatin chloride solution and the 
outside a(|UeouH Holution (fna* from g(datin). 

We liave already givc*n a bn(‘f outline of Donnards membrane 
thfHiry in the first cdiapter. In our (^xp(*rirn(mt a collodion hag 
filled with a 1 |mu* rcuit solution of gcdatiri chloride is dipped into 
a !>eakc*r containing a solution of IKd (without gelatin) of origin- 
ally the Hiime |>II as that of the* gelatin solution. In this case wo 
have free f!C*l inside as we!! as outside*, but in addition we have 
inside the eeillodiein hag a g<*latin chlorides solution which ionixes 
inhi Cl and a pewitive g(»latin ion. Hie gelatin ion is unable^ to 
diEnm* tlinmgli the* caillodion mcmlirane but th(i H ions and Cl 
kins can diffuse freely through th(^ mcimbraruu Donnan has 
shown that in this cuisc* an (?(|uilihriiim condition is established 
in which the product <if the conccnitrations of the H and Cl ions 
in the outside* sciluiion (Kfuals the product of th(^ concentrations 
of the H and Cl ions inside*. This (*.quilibrium is expressed by 
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the following equation, which was used by Procter and Wilson 
for the distribution of free HCl between a jelly of solid gelatin 
chloride and surrounding water, but which holds also for the 
case where the gelatin chloride is in solution and separated from 
the outside solution by a collodion membrane impermeable for 
gelatin ions, 

= y{y + z) ( 1 ) 

where x is the concentration of H and Cl ions in the outside 
solution, y the concentration of the H and Cl ions of the free 
acid inside the gelatin solution, and z the concentration of the 
Cl ions in combination with the gelatin. (For the sake of 
simplification complete electrolytic dissociation of HCl and 
gelatin chloride is assumed.) Since all the quantities in Equa- 
tion (1) are positive, the concentration x of the hydrogen ions 
in the outside solution must be greater than the concentration y 
of the hydrogen ions in the inside solution; and the total con- 
centration of the chlorine ions in the inside solution, y + z, 
must be greater than the concentration of the Cl ions in the out- 
side solution, X. This difference in the distribution of the 
crystalloidal ions on the opposite sides of the membrane is 
caused by the fact that one type of ions (the protein ions) cannot 
diffuse through the membrane. 

We now come to the most important point for the foundation 
of the theory of colloidal behavior. If it is true that the Donnan 
equilibrium is the cause of the P.D. between a gelatin chloride 
solution and the outside solution, the Donnan equilibrium is 
likely to be also the cause of the influence of the mysterious 
influence of electrolytes on the other properties of proteins, since 
the curves for P.D. are similar to the curves of osmotic pressure, 
viscosity, and swelling. In order to prove that the P.D. is due 
to the Donnan equilibrium, we must be able to show that the 
unequal distribution of the H and Cl ions on the opposite sides 
of the collodion membrane allows us to account quantitatively 
for the P.D. on the basis of NernsFs well known logarithmic 
formula for concentration cells. 

We have seen in Chap. IV that we can determine the con- 
centration of the Cl ions of the gelatin chloride solution by titra- 
tion; and we can, of course, also determine the Cl of the outside 
watery solution by titration. Let x be the concentration of Cl 
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ions ill tlH‘ outsi(l<‘ solution and y + z the (^onecuitraiion of Cl in 
th<‘ |ji;c‘latin solution (tts found by titration) and l(‘t/ us {issuin<‘ that 
this diffVnuKM^ of oonccuitration dcdorrnines th(‘ IM). ol)S(‘rv(Hl 
betw(‘(‘n th(‘ p‘latin chloride* solution and th(^ outside* se)lution, 
theai w(* she)ulel e*xpe*e*t that at 24°(h tlic e)l)S(‘rv(*el IM). - 

le>g , volts. 

We* siiall s{‘e‘ late*!’ in this clnipte*!’ that, the* e)hse‘rv(‘el IM). in 

nullive)lts is actually e*(|ual te) o<) lo^ ^ ^ millivolts, a,nel this 

make*s it ve‘ry probable* that the* IM). be‘tvve*e‘n a, ^e4a-tin chloriele* 
solution and the* outside* \vate‘ry se)lutie)n a,e*re)ss a eailloelion 
in(‘mbrane* is e*aus(‘<i (‘Xclusive'ly by the* I)onna.n e‘ejuilibi ium. 

W<* have* a st'cond che*e*k sinea* it- folle)WS a.lse) that vve* must be*, 
able* te) calculate* our obs(*rve*d IM). e>n the* basis e)f the* diff(*r(‘n(*e) 
in the* cone-(*ntratie)n e)f hyelre)ge‘n ions ein tiie* oppeisite*. siel(*s of thei 
m(‘mbrane‘ with the* aid of Ne‘rnst’s formula. Dorman’s equilib- 
riuni cepration 

X- y(y + z) 
can Ih* writte‘n in the* fe^rm 

// .... 

X y -b ^ 

where y is the cone-emtratiem eif the* hydrof 2 :e‘n ions inside*, thei 
ge‘Iatin solution artel x the* e*once‘nti'atie)n e)f the^ hyeiro|i;e*n iems 
in t!u* outside* solutiem. H(*ne’e*, if the* DemnaJi e‘e|uilibrium is 
retsiionsible fe)r the* obs<‘rvc*el IM). be‘twe‘e*n the* K(*latin e4ilorhle^ 
seilution and the* watnry seilutiem, it must alse> be^ possible to 
sliow that 

OJiHcrvcd !M). ^ .'>0 !<»« millivolt , h 

Wo intciul to sIkiw lluit tlii.'.i is actually tlio case. Instead of 
inoa-suritiM: the ooiicontration of the iiydrogon ions inside! (i.e., 
in tla* j^olatin .solut ion) anil outisid.! (i.c., in t.ho aijuoous solut.ion) 
l)y titration, wo nioasuro tlioso ooncont.nitions with thi' hydio^ijon 
oioctrodo. Since loji 1 / is the v.-duo pH insid(‘ and ioji; x the value 
I)H outside, the value .at) (pH inside minu.s pH outside) niillivolts 
iiiu.st (within the limits of accuracy of measurimient) he e(iua,l to 
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lli(i observed P.D. if Donnan (‘quilibriuni is fla* c*xc*lusive 
cause for tlie P.D. b(‘<w(‘(‘n a g(‘latin <*hlori<le sohiti(ui aral tlie 
outsider wat(‘ry solution; ii(‘Kle{*ti!i|j!: the si|i:ii.^ 

Althoufi:h the valu(‘ pll iiisid(‘ minus }>I.I outsille is an (»bsc‘rve(i 
value, e.g., observcal with tin* hydro^^mi (‘hs'trodcs we will call the 
valuer 59 (pIT iusi(I(‘ inin\is pH outsid(0 tlu* (‘ahailated IhD. In 
distinf»;uis}i it from the P.D. obs(‘rv(*d witli the indifTenmt 
ekuda'odes. 

ThK lNFLt:KNeH OK TIIK HyI)UO(JKN IoN ( 'oN CHNT it ATloN OF CUa.ATl.N 
Soia^TloXH OX TIIK IM). 

( V)llodion liagsof a voliumMif abotit 50 can w<‘ri* filled with 1 per 
cent solutions of g(»latin (*hlorid(‘ of diffennit pH. llie bags wen* 
put into b(‘a,k(‘rs containing «‘a<'li 550 c.c. of <iistilted water. 
hastem tin* (*stablishinc*nt of (*<piilibrium between gc'latin chloride 
solution and outside wat(‘r some* H(1 was adtled to the lnttf*r 
■—in fact the pH of the gelatin and the* outside solutions was 
generally made (‘(jual at the b(*ginning of the expenment. Tlic* 
collodion flasks containing tin* g(‘latin sohition were «*losf*d with 
rubber stoppers wlu(*h W(*r(* p(*rforated by glass tula*s serving m 
manouK^ters to allow tlu* mc*asun‘in<*nt of the osmotic’ pn*ssure 
the solution. After about 0 hours osmotic ecpiilibrium was com- 
plete but we wait(‘d, as a rule, about IK hours before measuring 
the P.D. across the naunbraiH*. Figure 41 sliows that tlie pH 
influences the P.D. in a similar way as it infiuem‘(*s the osmcdic 
pressure, swelling, etc. Similar ex|H*rimr*nts wf*re made* with 1 
per cent solutions of gelatin |)hosj>hate. gelatin oxalate, and 
gelatin sulphates, and th<‘ curve’s an* also given in Fig. 41. To 
demonstrates the similarity lietwemi \\m curves for osniotic 

* The sign of the oh.H(*rvc‘ri IM). wan apparently, hut, not in reiility, the 
reverBc of the nign of th(‘ raleulatcai P. D. In the ^*olif-ierv4»cl FJh the 
membrane (acting as a hydrogen eleetrode) was between the coririTit rated 
and dilute 11(4, while in the “ealcuhitefP* value’s the I M). wiis ohliiifiiTl, 
from the potent iometrie determinations of the pif. ,Ia this latter rase two 
hydrog<‘n elect nales were separated hy a eimc'erttrafed liiifl a dihite sidii- 
lion. 4'h(* “oliserved” IM>, was hence between two soliitioris of diflerent 
concentrations while in the “cnieidated” viilties iiieiisiireii the IM>. 
bet.w'(‘(»ii two eb’ctnah’s. In our tables the appiireni (hiit not reiill reversiil 
of sign is corrected. 
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pn\ssurf* and P.I)., IIk* osmotia pressures \v(‘r(‘ ol)s('rve(l in all the 
expea’innads used for ineasurinj*; il)(‘ influcaua' of pll on the P.D., 
:ind Mk- I I ^ives th(‘ osiiiot.ie pnsssunvs. A (‘.(>nipa,rison of the two 
figun's for IM). ( 11) and for osinotn*, pr(‘ssur(‘, 14) shows 

th(^ followinj*; siniiil:iriii(‘s: Both s( 4 ,s of eurv(\s ris(^ from the 
Lso<‘Ieetri(* point with a lowta-in^ of pH until th(\y reach a 
maximum; this maximum is, howev(a', not idcmtie.al in th(^ two 
eases. For t he F.I ). it vari(‘s IxdAvcaai 8.6 and 4.0, while for os- 
motic*. pn\ssure it !i(‘s near 8 . 0 . With a further fall in pH both 
s(*ts of eurv(‘s sliow approxinia.t(‘ly thc^ samc^ stc‘ep drop. 

The* sca'ond point of similarity is th(‘ influence* of valonciy. The 
curvc‘s for the* IM). (Fi^. 41) an* pracd/ically the samc^ for gelatin 
chknidc* and gc*Iatiri phosphate*, and an^ but slightly lower in the 
e‘ase* of gedatin oxalate, while* the* curves for the*. P.D. is considerably 
low(‘r in t he* ease* of ge*Iatin sulphate*. The same is true for the^ 
osmotic pre*ssun‘ curve*s (h'ig. 14). 

If th<*s<* (*harae*tc‘ristie; curvets are* e^xclusivedy determined by 
Donnan’s me*mbran(^ (‘epiilibriuin it should be possible to show 
that tin* va, rial ion ed the* obs(‘rv(‘d IM). witli pH is a(a‘,ompanied 
by a paralle*! variation of the* value* pH insider minus pH outside 
and tliat the* agre(*me*nt he*twe‘(*n th(‘S(* two sed/S of values is as 
|K‘rfe*e*t as tin* a(’(‘ura(*y of tliet m(*asur(anents peamiits. Tables 
XI, XII, and XIII show that this is trueu The upper two hori- 
zontal rows give* the* pH inside* and emtside, the* third heaizontal 
renv give*H the* elifT<*renec‘, f)H insiele^ minus pH outsider, and the 
fourth row givess the* IM). ealeulatnel in millivolts by multiplying 
tin* vnIuf*H pH inside* nunus pH e>utsidei by 59. The last hori- 
zemtal renv gives the* ohHc*rv(Hl IM). in millivolts. The agreev 
nH*nt h(»t wt»f*!i obse»rved and cale*ulate‘el P.D. is suflmiently ele)Be 

fK*riiut UH to Hay that the* e‘hurae*t(‘ristie enirve^s re‘pres(*nting the 
influe*iu*e of the* pH on the? P.I). are a (;ons(a|uence of the Donnan 
c*e|uilibriuni. 

Thk Explanation of the P.D. Cueve 

Figure 41 shows tliat the* P.D. of ge*latin-acuel salts is a minimum 
at tlie iHoelf*e*t ric? point, that it risers rapielly with tlic increase in 
the hy<Irogc»n ion eon<*e*ntratie>n until r(‘ae*hing a maximum at pH 
about 4.0 to 8 . 8 , and ilie*n elrops again witli a furtheu* increase? of 


Table XI. — Influence op the Hydrogen Ion Concentration on pH Inside Minus pH Outside and on the P.D. 

OP Gelatin Chloride Solutions at Equilibrium 



• . calculated (millivolts) ... +5. 3 +25. 8 +31. 
►. observed (millivolts) .... +5. 7 +27. 0 +29. 
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the hydrogen ion concentration. This is the e,Iiara('f(*risf ic pH 
effect already discusscid in connection with vis(‘osity, osmotic 
pressure, etc. Pauli explained this behavior of 1h<‘ viscosity 
curves on the basis of ionization and hydration. T1 h‘ hydrat ion 
can have no connection with the P.D., but the ionization un- 
questionably has. Pauli assumes that the visc.osity ris<*s with 
increasing ionization of a protein salt and (‘xplains tin' innximuin 
and drop by the repression of ionization of the protean salt by th(‘ 
anion of the acid added. This latter (‘Xi)lanation is plainly 
inadequate in our case, since it would mean that thc^ idcct roly tic* 
dissociation of gelatin chloride is markc'dly diminished l)y a 
n/10,000 HCl solution. We can sliow that the Donuan thc‘ory 
accounts mathematically for the influcmcc^ of j)!! on the P.D. of 
gelatin chloride solutions as (JxpresscMl in Fig. 41. 

Donnan had arrived at his equilibrium (‘(piation on the laisis 
of thermodynamical considerations, l)ut Pro(*t.or and Wilson 
have pointed out^ that it can be derived morc^ simply from the* 
ordinary laws of ionization, 

“since the nonionized portion, of hydrochloric acid which, altli<nigh Hinall, 
must exist takes no direct part in the equilibrium an<l niunt he c(|ual in 
both places.” 

Hence when a solution of gelatin chloride is si^parated by a 
collodion membrane from a solution of H(d (without gelatin), 
if X is the concentration of H and Cl ions in th<! outHid(- solu- 
tion and [HCl] the concentration of uon-ionizcHl HCl, 

= [HCl] 

If y is the concentration of hydrogen ions inside th(^ solution, 
y is the corresponding concentration of Cl ions; and if z is tlas 
concentration of Cl ions in combination with gelatin 

y{y + z) = K [HCl] 

hence 

= yiy + z) (1) 

X = V yiy + z) 

’Procter, H. R., and Wilson, J. A., J. Chem. Hoc., vol. 109, j). 309, 1910. 


M ICMIiUA NFj POTENT! a 


Honcc uf 1S°('. fh.‘ IM). slu,ul<l J.o = f Ic^ (l + ~) millivoltR. 

We will now show froi„ thn torrn yjl + ^ iho influonoo of 

pFi (tn f h<‘ P. D. iis c.xpro.s.scd in t,hn onrvos of Fig. 41 can bo dorivod. 

When wo add liUlo IK 'l |,o i.sooloofric gcdatin, wo iucmiso the 
iiiiH)Uiif ol golafiii chloridf; fonn(“d and h(nu;(! th(i value of z. 

Ilcnoo, Iho P.D. siioidd inoroa.s(‘ .sinoo it doponds on log 

\Ve also inoroaso the value of //, hut. z and y will not iiKwease at 

the .Sana* rate. 2 can ho ealeulatod from the opuation * = 

y X 

^ ,,, + ?/)^^ - y) 

y y 

Whf‘,n littk‘ acid is added to iHOolcctri(t gelatin the value of z 
riH(^s more rapidly than the vahic‘ of y, while when more acid is 
added Ihc^ rr^verse happcms. This is obvious from Table XIV 
(tomparing tlie variations of z and y upon tint addition of increas- 
ing <}uantiti(ss of IK’l to iso(tl(u*tri(t gelatin. 

Taiilk XIV 

(.'ubtc , j ' " 

rmtiimc.tfrH fUI of i . ! 

e, 1 N iipui gdatin ; I P.D. nal- n ta 


wiginiiny i mini™ 

: Jibriunt 


X im N X Hl» N 

I 


3 

logf 1 1 

P.D. nal- 
o.ulatfid from 

P.I). 

ohHorvcd, 

y 

\ V/ 

29 log ( l 4 M 

Wiilli- 

a. 1 

1 

0.8313 

milHvoUis 

24 , 7 

volts 

24.0 

10. 5 

I . 0007 

30,7 

32.0 

14. a 

1. 1847 

34 . 4 

33.0 

14.2 

1. 1818 

34 . 3 

32.5 

7.3 

0.0191 

20. I 

20.0 

0. 0 

0. 8808 

25. f) 

24.5 

3.4 

0. 0435 

18.7 

10.5 

2.0 

0.4771 

13.8 

11.2 

O.H2{ 

0.2001 

7,5 

0.4 
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The fifth vertical column of the table shows that at first the 

2; 

value - increases with increasing addition of acid until pH = 4.03, 

z . . . 

and that with the addition of more acid the value - diminishes 

y 

again. A comparison of the last and second last vertical columns 
shows that the observed and calculated P.D. agree. 

The Donnan equilibrium thus explains mathematically why 
the P.D. rises at first when HCl is added to isoelectric gelatin 
until the pH is 4.03, and why the P.D. drops when the pH falls 
below 3.8. No other colloidal theory is able to explain the 
curves in Fig. 41. 


The Valency Effect 

Figure 41 shows that the P.D. curves for gelatin chloride and 
phosphate are considerably higher than the curve for gelatin 
sulphate. The same valency effect was observed for the osmotic 
pressure curves, the viscosity curves, and the curves for swelling. 
It can be shown that the Donnan theory demands that for the 
same pH and the same concentration of originally isoelectric 
gelatin the P.D. of gelatin chloride and gelatin sulphate should 
stand in the exact ratio of 3 : 2, and it is one of the most convincing 
proofs of the correctness of the theory that the calculated values 
for the P.D. of these two gelatin salts agree with this postulate. 
By calculated values we mean the value 59 (pH inside minus 
pH outside). 

The proof that the values for pH inside minus pH outside and, 
hence, the P.D. of the solutions of the two gelatin salts must 
show the ratio of 3:2 is as follows : 

The equilibrium equation for gelatin chloride is of the second 
degree, namely, 

^ ^ y + ^ 
y X 

and we have just seen that by proper substitution the 

P. D. log 1:+ ^ millivolts. 

The equilibrium equation which is of the second degree when the 
anion is monovalent becomes of the third degree when the anion 
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is })ival(‘nt , cjj., S ( ) i , in t hn case of g(‘latin sulphnl(‘. L(*t .r h(‘ \ h(‘ 
(‘onrnnf rat ion of hydro^^cni ions in ilia oiitsida soltilion, // 

lh(^ hydr()g<‘n ion coinaad ration in t lH‘ insid(‘ solid ion ; tlnai 

is the {‘oiH’iad rat ion (if tha S ()4 ions in tin* outsid<‘, and tin* 

eonaard rat ion of tli(‘ 1% ions of t h(‘ fn^* II'-SO-i in th(‘ inside* 
fg(*la.tin) solution, ddn* e'onae^nt rat ion of S ()4 ions in coinhiind ion 

with |^(‘la.tin lM‘aonH‘s dluai th(‘ following two dissoaiaJion 

(Miuatienis must hohl: 



K 


1 1 ).! 


k| I I>S()4 


undissoaiatad (outside*) 
undisso{*ia.ti*d (inside*) 


Binaa tin* undisso(aatc‘d lluSO-t must he* distrihid{‘d (*(jually on 
both side‘s of tlia nu*nihra.n<*, .r* -- //“(// d- z); x - 4' z)!^ 

The* value* whiedi iid(‘r(‘sts us is /.a., the* ratio of (he* liydrog;(*n ion 

aon(*e‘nt rut iems. 


Su!)stituting |//'3'// f 2 ) 1 ‘ fea* x in 


X 

!l 


we* g(*t, 


X 

H 


r 


(// 4 

ir^ 


ain I ^ 

y V 


Tlie* IM). is, t}ie*n*fore‘, in the* e-ase* of ge‘latin sulphate*, 
F.D. log 4-^^) niillive)l(s 

wdiile* in the* aase* of gf*lufin e’hloride* if was 

IM). - log 4“ inillivedtH 


IIan(‘e% the* F.D. eif ge*latin Huiphata solutions shoulel he* ordy 
two-thirds of the* vaJ ua of a gedutin ahhiriele* solution of file* 
same* pH iind Ilia mimit (*on(*ant ration of originally iHe)ale*e*t ria. 
gedatin. 

This tliaore»tiaal d<*duatie)n is ae-tually fulfilh‘el, as tin* 'rahle‘H 
XI, XII, and XIII show. Thus in dahlc* XH we* find that for 
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gelatin pho.sphai(‘ of pll 3.98 ilie 
oahnilated P.I). was 34.0 and from 
Tahl(^ XIII W(^ noti(*(* I ha t for gola- 
tin sulpliat(^ of pH 3.1)8 1h(‘ (‘alcni- 
latod P.D. was 22.2 millivolt s. This 
is (witliin the limits of accuracy 
of the observations) thc^ ratio 3:2, 
which the th(‘ory diunands. For 
pH 4.31 tl)(^ P.I). is 31 iii the cas(‘ 
of g(4atin chlorid(‘ and phosphate^ 
and for pH 4.34 it. was 20.5 for 
g(‘Iatin suli)hat(‘, again thc^ ratio of 
3:2. Th(‘ strict confirmation of 
tint vakmey ratio cana^ out cl(‘arly 
in tli(‘ following (‘xperiinent which 
was undculakcm for another pur- 
IK)se— on aecount. of its analogy 
with antagonistic! salt aedion but 
which shows that for the same! pH 
the valuers of tlu! (!aleulatcal P.D. 
for g(!latin (4iloridt‘ and sulphate 
are in the rat io of 3 : 2. 

Solutions of 1 gm. of isoelectric 
gelatin wc^re prej)arc*d in 100 coc!. of 
water containing 5 <uc. of a mixture 
of 0.1 N H(3 and 0.1 n IhiB ()4 in 
various proportions. The* solu- 
tions were put into collodion taigs 
of abotit 50 c.c, volume and the lat- 
ter were put into 350 c.c. of IP/) 
containing rnixturc^s of n/ 1,0CX) H( 3 
and n/ 1,000 IPiB ()4 in the same 
profK)rtions as inside. The arrange- 
ment was that d(*8(!ribed for os- 
motic pressure measurements, and 
the osmotic pressun!, P.D., and pH 
inside minus pH outside, were 
measured after 24 hours at 24X1 
The upper rows of Table XV give 
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the ratio of cubic centimeters of 0.1 N HCl and 0.1 n H 2 SO 4 
in 100 c.c. of liquid. The rest of the table requires no further 
explanation. As in all gelatin-acid salt experiments, the agree- 
ment between observed and calculated P.D. is good. 

Both P.D. and osmotic pressure are depressed the more the 
more HCl is replaced by H 2 SO 4 , but the depressing effect is 
greater in the case of osmotic pressure than in the case of P.D. 
The result of interest to us is the following: The value of pH inside 
minus pH outside was, for gelatin chloride of pH 3.64, = 0.49, and 
for gelatin sulphate of pH 3.64, = 0.31. The ratio of the two 
values is as nearly 3:2 as the accuracy of the measurements 
permits us to expect. The values for the observed P.D. agree 
with the values of the calculated P.D. within the limits of ac- 
curacy of the measurements. 

This quantitative agreement between the observed P.D. and 
the P.D. calculated on the basis of the Donnan theory leaves 
little doubt that the observed P.D. is exclusively determined by 
the Donnan equilibrium. 


Hydrogen Ion and Chlorine Ion Potentials 
If we write the equation for the equilibrium condition between 
gelatin chloride solution and water in the form 

y ^ ^ 

X y +z 

where x is the concentration of H and Cl ions in the outside 
solution, y the concentration of the H and Cl ions of the free HCl 
inside the gelatin chloride solution, and z the concentration of 

y 

the Cl ions in combination with the gelatin, ~ is the ratio of 

X 

hydrogen ion concentration inside to the hydrogen ion concen- 

oc 

tration outside; and — , — the ratio of the concentration of the 

y A- ^ 

chlorine ion outside to the chlorine ion inside. Since, 

y 

log - = pH inside minus pH outside 

X 


and 


X 

log — -j— = pCl outside minus pCl inside 
y r ^ 

it follows that 

pH inside minus pH outside = pCl outside minus pCl inside (2) 
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If Donnan^s membrano ociiiilihriuni is the cause of the influence 
of pH on the P.D. (and on ihv. other physical propeui i(‘s) of 
protein solutions, we must be al)le to sliow that (Kiiiation (2) is 
actually fulfilled. 

This consequence of Donnants theory was put to a test and 
some of the experinK^nts (l(iS(U’ib(Hl in tii(‘ pre(‘(‘din^ part of this 
chapter were » seleckid for this purpose. Insider the collodion 
bags were 1 per (umt solutions of gcihitin chlorifk* of diffr‘r(‘nt 
pH; outside, watcu*. Aft('r .1<S liours (‘(|uilibrium was (‘staf )lish(Hl 
between insider and outsider solutions and th(‘ p(1 as w(‘ll as the 
pH was asc(*rtairH'd. TIu^ p(d was d(‘t(‘rmiiH‘d in two difh^nuit 
ways in the two ('xp(n*im(‘nt.s; in on(‘ (‘xiKu-inu^nt it was d(d(u*- 
mined with th(^ calonu^l (‘I(*ctrod(‘, in tiu^ oth(‘r it was d(‘t(‘riuin(‘d 
in the gelatin chlorides solution by titration with XaOIl according 
to the method describ(‘d in t.h(' fourt li cliapt(*r. Both nudhods of 
determining the p(d led to th(^ rcNsult that th(‘ value j>(1 outsider 
minus pCI inside was for the sanu* solution at the point of equilih- 
riurn equal to the valu(^ pH insider minus pH outsich^ (within 
the limits of accuracy of the experiments). The p(d outside was 
identical with the pH outside since th(‘ outside^ solution contairuHl 
only free HCl. The values of pH were all d(d(‘rmin{»d potemtio- 
metrically (Table XVI). 

d'AimK XVI 


Experiment 1. pCU determined hy titration 


pH of gelatin chloride j 1 | III 

solution at equilibrium 4 . , 69 3 . 3()|3 . 10 2 . 92 2 . 7H 2 . 46 2 . 26 2 .01 1 . 76 
pH inside minus pH j I I ! 

outside 0.56 0.58 0.50 0.49 0.44 0.44 0.33 0.23 0 15 0. 10 

pOl outside minus pCl 11111111 

inside 0. 480. 51 0.59 0.440. 44 0.380.35 0.22 0, 15 0. 11 

I I ' i 1 ! ' : ! ! 


KxpcTirrient 2. pOl determined (hictronj(4ric!ally 


pH of gelatin chloride i | f I ! I I 

solution at equilibrium 4 . 04 3 . 92 3 . 78 3 . 61 3 . 4(t3 . 16 2 . 73,2 . 36 2 . (H 1 . 73 
pH inside minus pH I I 

outside 0. 600. 620. 660. 550. 500. 43p. 300. 200. 120. 07 

pCl outside minus pCl j j j 

inside 0 . 56 0 . 60 0 . 57 0 . 50 0 . 53 0 . 38 0 . 32 0 .17 0. 12 0 . 07 

I I ! I I I I I I 
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Nernst’s formula leads therefore to the same theoretical P.D. 
regardless of whether we calculate the P.D. on the basis of 
the difference pH inside minus pH outside or on the basis of 
the difference pCl outside minus pCl inside. It is also obvious 
that both assumptions lead to the same sign of charge of the 
gelatin chloride solution. If we assume that the P.D. is deter- 
mined by differences in the hydrogen ion concentration, the 
outside solution is concentrated and the inside solution dilute; 
if the P.D. is determined by differences in the concentration of 
the Cl ions, the inside solution is concentrated and the outside 
solution dilute. Since the common ion is positive in the former 
and negative in the latter case, the gelatin solution becomes 
positive in both cases. 


Outside Solution 

— concentrated 

— Cl” dilute 


membrane 


Inside Solution 
dilute + 

Cl” concentrated + 


The facts contained in this section of this chapter prove that 
the equation = y(y + z) is the correct expression for the 
Donnan membrane equilibrium between acid-salts of proteins 
with monovalent anion and water, and that the Donnan equilib- 
rium accounts for the P.D. observed. We wish to point out 
that we get the same result whether we determine pCl by titra- 
tion or potentiometrically. The agreement with the theory is 
the same in both cases though the accuracy of the determination 
of pCl is less than that of pH. 


The P.d, of Na Gelatinate 

The Donnan theory demands that when a solution of Na 
gelatinate contained in a collodion bag is in equilibrium with a 
watery solution free from gelatin, free NaOH should be forced 
from the inside gelatin solution through the membrane into the 
outside watery solution free from gelatin. As a result the pH 
inside will now be less than pH outside, and the value pH 
inside minus pH outside will be negative for Na gelatinate while 
it was positive for gelatin chloride. If the Donnan equilibrium 
determines the P.D. (as it does) the sign of charge of Na gela- 
tinate must be the reverse from what it was for gelatin chloride. 


TIIICOKY OF ('OLLOIDATs UFHA VIOH 



138 


This is indeed the cas(!aiKl t he 
turning point lies, as was I'X- 
pected, at the isoelectric i><>'’d- 
The experiments with Na 
gelatinate demand more rigid 
precautions than thf)s<? with 
gelatin chloride. It is necc's- 
sary to prevent th(^ ('O-i <>i 
the air from diffusing into 
the alkaliiKi solutions and 
therefoni the out,sid(! solution 
was put into stoppc'nal bot- 
tles coniHH'.ted with tlx^ outsider 
air by glass tube.s filled with 
soda lime. On aecrount of the 
(X )2 error the pH nu^asure- 
ments near th(i iso(d(!(d.ri(r iK)int 
are unreliable and only when 
the pH is above 7.0 is it pos- 
sible to get r(‘.liabl(i r(;sulta. 
The main facts demaiKhxl by 
the theory can, however, be 
demonstrated. The first fact 
is the proof that the sign of 
charge of the Na gelatinate 
solution is the rev<use of that 
of a gelatin chloride solution. 

Collodion bags of a vol- 
ume of about 50 c.c. wen; 
filled with solutions of Na 
gelatinate containing 1 gm. 
of originally isoelectric gelatin 
and varying amounts of 0.1 n 
NaOH in 100 c.c. solution. 
The collodion bags were dip- 
ped into flasks containing 500 
c.c. of aqueous solutions of 
NaOH of various concentra- 
tions and free from gelatin. 
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The flasks were scailcnl, connmiiiic^atinjj; with (.iu‘ air only throiigii 
tubes filled with sofhi linu*, as si.a((^d. ^die collodion bai^s ecni- 
taining the g(‘Iatin w(‘r(‘ (*los(‘d by a nibb(*r siopiHn* iKU’loraical 
l)y a glass tulnt wliieli s(n’V(al as a rnanonudxu’. Th(‘ cx|Ha*inHait, 
lasted G hours at a t(‘tu]Hu-atun‘ of 24®(k Tli(^ n^sulls of Ihe 
expcu-iinents ani givcai in Tables XVII. Tlu^ horizon! a.I 

row gives tlui number of (uibie eemtinu^ters of 0. 1 n Na,()H 
originally in 100 of the* g(‘lai.in solution; th(‘ st^cond row 
gives th(; original eomauitration of NaOII in tin; outside* a(}U(‘<)\iH 
solution fr(;(* from g(;latin; the third row giv(;s t he; ostnot ie. pn^ssnn* 
in mm. II*/) aft(;r G hours. The; n(;xt row giv(‘S the; pH insiele; 
and the folle)wing row the; pH e>utsiele; aften* the; evxpe‘nine‘nt. was 
finishe;d (i,e,, afte*r 20 he)urs), anel the; sixth row give‘s the* eliireu-” 
enea; pH inside minus pH out.siele;. The; re*ade‘r will notiea* thai 
this difference is always ne^gative; with e)n(; e;xe;f*pi.iorp whie’h is 
obviously an error. The; last iwe) rows give; the; IM ). eademlateal 
from pH inside minus |)H ouisiele*, anel the; IM). e)bs(‘rveaL 

It is e)bvious that thc;re is no epiantitative; a.gre‘e‘me;nt bed.we;em 
observed anel e;ale;ulate‘el P.I). neair the* ise)e‘Ie;e*t rie* pennt. As soem 
as the pH is above; 7.0 the; agre;e‘me*nt. })e‘twe*(m e)bse*rve*el a, ml 
eailculateel P.I). bee;ome*s be*tle*r, se) that, we; a.re* e*ntit.le‘el to say 
that the; eliffe;ren(;e; of potential be‘twe*e;n a Na ge*lat.inule‘ se)lut ion 
and an outsielc; sedutiori at or ne;ar e;eiuilibrium is ehie* to the; 
Donnan eepiilibrium which fe)re'e‘s the; e*xpulsion of NaOlI from 
the inside into the out.siele; se){utie)n. As a e;e)nse;ejue;ne;(‘ the; pH 
inside become;s low(;r than the; pH e)UtsieJe;. 


The iNFLUKNejE of Neutual Salts on the IM). of (Im.ATiN 
(hiLOHiDE Se)nrrie)Ns 

It was shown in (hiapte;r VI that, the aelditieni of ncmtral Halts 
to solutions of |)rote;in salts el(*i)re;Hse*H the; emniedie; prewitre* or 
vise;e)sity e)f the;se; se)lutie)ns, anel that the* aelelitie)n e)f mmirnl 
salts to a gel eie‘pre*sse*s the* swelling of t he* lat(.e*r fexe;(‘pt wheut tlic 
solutions anel gcjls are* at the i.soe‘Ie;e;tne point). It w^as of infe*re‘Kt 
to finel out wdH*ther or ne)t the aelelifion of a salt to a 
solution de;pre;sse;s alse) the IM). aeross a e*edleHlieui me*mbram*» 
and whethcT this is alse) due te) a de;[)re‘ssie)n of the; value* of pH 
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inside minus pH outside. It was possible to show that tins is 
true. 

Gelatin chloricki solutions (jontainin^ 1 ^in. of originally iso- 
electric gelatin in 100 c.(‘- solution and having a i)II of 3.0 w(‘re 
made up in different con(*(*ntrat.ions of NaNO;{ in water, tluj 
( 5 oncentration of NaNO.-j varying from m/4, 096 to M/32 NaN()ri, 
and all possessing a pll of «3.5. Th(\s<‘ mixt un's w(‘r(‘ put into (col- 

lodion bags and th(c bags w(n*e put into 11(4 solutions of pH 3.0 
made up in different (coiuamt.raiions of NaNO^, also of pH 3i). 
Th(iS0 outsid (5 solutions (c()ntain(‘d no g(4atin. T}i(‘ (collodion ))ags 
were put into i.h(‘S(c outsider solutions freae from gedatin in such a 
way that tluc (‘oncentration of thcc NaNOa solution insidcc the 
collodion l)ag was always thcc sarnce as outsid(*. 

When tluc P.l). across tine collodion imunbrainc was m<‘a.sur(Hl 
after 18 hours (after (‘({uilibrium was (‘staJ)lis}H*d) it was found 
that it was diminislucd upon th(‘ addition of iKUitral salt and tluj 
more the higher th(i (comcemtration of tin* salt. This shows that 
the addition of lucutral salt to a protdn solution has a similar 
depressing (cffcnct on the P.D. as on tine osmoticc pnessure, sw(41ing, 
and visciosity of the protein solutions. 

The iKcxt fact of intccrccst wiis that thfc values of pH inside 
minus pH outside diminish in a parallel way with thcc diminution 
of the P.D. and that the valuesof 50 (pH insidcc minus pH outsidcc) 
agree remarkably wccll with tlicc ohsccrvccd P.D. (Tables XVIII). 

We have seen in Ghaptc^r VI that the addition of a salt with 
bivalent anion, e.g., Na 2 B() 4 , to a gedatin chloride* solution has a 
much greater depressing (effect on t he osmotic-pressurcc, vi.scosity, 
etc., of the solution than tluc addition of a salt with monovalccnt 
anion, namely, NaNOs. It can bcc shown that the addition of 
Na 2 S 04 also has a greater deprecssing effcccct on the P.D. of a 
gelatin chloride solution than has a NaNOa solution of the same 
molecular concentration (Table XIX). 

We will consider as a third case the influence of GaGhi on the 
P.D. of a gelatin chloride solution. It has l)een shown that the 
depressing effect of CaCU on the osmotic pre^ssure of a gelatin 
chloride solution is about twice as great as that of an ecjuimolec- 
ular conceirtration of NaOl. Table XX shows that the d(‘preHH- 
ing influence of Ca(l 2 on th(* P.D. is about twi(*(^ as great as 
that of NaNOi,. The agreement between the observed P.D. and 


Table XVIII. — Depressing Effect of Neutral Salts on P.D. of Gelatin Chloride Solutions 
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. observed, millivolts +27.6 +17.0 +12.3 +8.8 +5.3 +3.5 

calculated, millivolts +26.5 +18,6 +12.5 +8.4 +4.7 +3.4 
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the value 59 (pH inside minus pH outside), z.e., the calculated 
P.D., is excellent. 

It is of importance that the depressing effect of salts on the P.D. 
can be derived from the Donnan theory. To show this we must 
remember that the P.D. is expressed by the following term: 

P.D. = — log millivolts 


When we add NaCl to a gelatin chloride solution we increase the 
concentration of the chlorine ions not in combination with gela- 
tin, i.e., y, while the concentration z of the Cl ions in combination 
with the gelatin remains the same, provided the pH remains the 
same (neglecting the diminution of ionization of gelatin chloride) . 
Hence, the P.D. must become the smaller the greater y, and with 

steadily increasing y and constant z the value of 1 + ” must 

approach 1; ^.e., the addition of enough salt must depress the 
P.D. to zero, which is actually the case. 

This is also true when we add another salt, e.g,, NaNOs, to a 
gelatin chloride solution. In this case we may assume that 
gelatin nitrate is formed. 

The depressing effect of the addition of NaCl to gelatin chloride 
solution on the P.D. can be derived from the values of pH 
inside minus pH outside. The question arises. Why is it correct 
to neglect the influence of the Na ion? The writer did not give 
any reason for this but Dr. J. A. Wilson was kind enough to point 
out in a letter the mathematical proof justifying the writer’s 
procedure in the following way: 

^‘The true expression of the P.D. of a gelatin chloride solution 
the presence of NaCl is 


P.D. 


RT 

F 


log 


+ 

LH J 

outside + 

Na 

outside 

+ 

Lh j 

inside + 

.Na. 

inside 


Let the system contain the positive ions A, B, C, etc., and the 
negative ions M, N, 0, etc., whose concentration in the outside 
solution are, a, 5, c, m, n, o, etc., and in the inside solution, 
a', 6', etc. From the published work of Procter and Wilson it is 
evident that the product of concentration of any pair of op- 
positely charged ions is equal in both phases. The following 
equations are evident. 
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a X w ~ a' X ni' 
h X m -- // X m' 

{(I At b c ^ “f” b' “{“ (/ --H . . . )w/ 

(a + ?> + c + . . )(w + 7/ + 0 + • - . ) = 

(a/ “H - • . )(7/// + v/ ~\- (/ -V ^ . . ) 

whence 

(I b c 7/, 4~ 4” c “j" • ♦ ' ” 

a' "" (/ ^c/ "" a' + // + c' + . . . 

It is, therefore, iininaterial whic^h ion is singUnl out for ihe 
calculation of th(^ P.D. on ihe basis of the Dorman (‘ffect. l^'or 
the sake of the accuracy of rneasunmumt the hy(Jrojz:eii ion was 
selected. 

It is perhaps worth while to point out that, tin* agrrHunent 
betw(‘(‘n calculat(‘d and obs(U’V(‘d P.D. is b(*tt(‘r in the (‘Xjhuu- 
ments with salts than in the (‘Xjxu’inKUits without salts, (‘sjKX’ially 
near the isoekxd.ric point. It sexuns almost as if t he pr’(‘S(mc(? of 
too low a (‘.oncentration of electrolyte' in(‘r(*as('d th(' ('rror of t-lui 
measurements. 


The InfIjUence of the Sign of (hiAEOK 


The fact that the P.D. of a prot('in-acid salt solutioii is a 


function of the term log (1 + 


where z is th(‘ c'oncf'nt I’ation of 


the anion in combination with the protein ions and y the cori- 
centration of the anion of the free acid, ('xplains a phenoin<*non 
which is fundamental in colloidal b(‘havior, narnc'ly, that wda^n- 
ever a salt depresses any physical propc'rty of a protc'in (or a 
colloidal solution in general) this action is due t.o that ion of the 
salt which has the opposites sign of charge to that of t.h<! protein 
ion. That this is true for the infliuuKa^ of salts on viscoHity, 
osmotic pressure, and swcdling has bc'en discusscai in (!hap. VI, 
and we shall see that it is truci also for the precipitation of certain 
protein solutions. In the latter case it is known as Hardy^s rule 
of the precipitating action of salt. In all these cases the effi- 
ciency of the salt increases with the valency of the efficient 
ion of the salt. These rules are a eonseciuence of the Donnan 


MEMBRANE POTENTIALS 


145 


equilibrium. The term derived from the equilibrium equation, 
log (1 + -) makes the P.D, a function of z ajad xj, i.e., that ion 

y 

which has the opposite sign of charge to the protein ion. 

The Influence op the Concentra^tion of Protein on the P.D. 

While the addition of neutral salt depresses the P.D. of protein 
solutions across a membrane (as it depresses all the other prop- 
erties) the addition of protein has the opposite effect, increasing 
the P.D. (as it increases also the other properties). This influ- 
ence of the concentration of the protein follows mathematically 

58 z 

from the equilibrium equation. Since P.D. = log (1 + -) 

^ y 

millivolts., it is obvious that if y remains constant (^.e., if no salt 
is present and the pH remains the same) while z increases as a 
consequence of the increase of the concentration of protein, the 
P.D. must rise with the concentration, and this was found to be 
the case. 

Collodion bags, connected with glass manometers in the way 
described, containing 50 c.c. of different concentrations of origi- 
nally isoelectric gelatin varying from 0.125 per cent to 2 per cent 
and containing enough H3PO4 to bring the gelatin solution to a 
pH of 3.5 were put into beakers containing 350 c.c. H3PO4 
solution of pH 3.5. In order to prevent dilution of the protein 
solution through osmosis, the glass manometers were filled at 
the beginning of the experiment with the same gelatin phosphate 
solution as that contained in the collodion bag, to that height 
which the osmotic pressure measured in preceding experiments 
amounted to. After about 20 hours the pH in the inside and the 
outside solutions and the P.D. across the membrane were meas- 
sured. Some of the experiments were made in duplicate (Table 
XXI). 

It is obvious, first, that the P.D. increases with the concentra- 
tion of gelatin, and second, that the increase of P.D. observed 
agrees quantitatively with the increase calculated on the assump- 
tion of the validity of Donnan’s theory. 

The P.D. of Solutions of Crystalline Egg Albumin 

The experiments mentioned thus far had all been done on 

gelatin. It was of importance to determine whether or not 
10 
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these results could !)f‘ c()nfirii[i(‘(l with crystnlliiu^ albumin. 
This was found to })(‘ the ease*, arid the (*xp<*rim(‘nls on the 
membrane potentials of tlu* solutions of th(‘ (*hIorid(* of <*ryst jdlim^ 
egg allmrnin sliowcal a {xu-hud/ (luaniitativc^ agnaummt. with t in*, 
theory. 

Collodion bags of about 50 c.c. volunu^ w(‘r(‘ filhal with a. solu- 
tion of 1 per (‘(‘lit erystallin(‘ (‘gg albuinin containing varying 
amounts of 0.1 x H('I, and tin* hags weaxi j)ut, as usuah iulo 
beakers containing 350 c.a, of IICl solutions of diTm-mit (xmcmi- 
tration but frec^ from aJbumin. Th(i first two liori7X)nial rows 
of Tables XXII giv(‘ th(^ amount of 0.1 x IKU in (‘ach solution. 
The expeuinumts wcu-c^ (airri(‘d out at a tcanpru’aiurc? of 24^3'., 
and after 22 hours th(‘ osmotic^ pr(‘ssure, IM)., and pH of insich^ 
falbumin) solution and pH of t he outside* solution W(‘r(‘ m(*a.Hured. 
The albumin useul was not iso(4(‘ctrie,, but since* it hael liesm 
prepared after Sdrenserds me*the)el it was probably partly am- 
monium albuminate, with a pH of ne^ar 0.0. The* t,a,bIe*she>WH that 
the calculatcal anel obseuamd P.D. agrea* l)eautifully fe*speuda.lly on 
the acid sieie of the* isoe*le*ctric peiint); that the* IM ). is a minimum 
near pH 4.70 of t lie* albumin (i.e., ne*ar t he* isoeIes*trie jieiint , wdiiedi 
is at pH 4.8), anel that t.he* alhumin is f)osit.iv(‘ly e*ha,rge*el em the? 
acid and negative‘ly eharge*el ein the* alkaline* sieie* of the* iseH‘le*e*t ric 
point. This is again in luirmeiay with wliat we* shoulel e*xp<»e’t 
on the basis eif the* Dorman <‘e}uilil>i*ium. 

The* ne*xt i)r*ohlf‘m was f.o el<‘te*rrnin(‘ the* influe*ne’c* eif tlie* aeldi- 
tion of a n<*utr’al salt to a seilufion of the* ehloriele* eif er-ystaJline* 
e^gg albumin, A I jx^r e*e*nt solution of e'rystalline* e‘gg albrrmin 
(xjntaining 7 enen eif 0.1 x IK'l in 100e*.e*. was made* up in varieius 
ex)ncenti*ations of Na(d, d'he* e^eilloelion bags emnt.ainlng the*se* 
albumin ehle>rieIe*-Xa(1 mixture's we*r*e* (Iippe*d inter lrc*aker'.H cem- 
taining 350 e.e, e>f tlie*Hame‘ cone-entratiem erf Na<1 as t hat of the* 
alburnirpserlutiern, anel all made up in n 71,0(H) IICl The* e*xpe*ri- 
ment was carn(*d erut at 24®<b and the* ine'nsureme'ntH w(*re* maeh* 
after 22 hours. 

Table XXIII gives the re*8uItH, whiedi show again a beautiful 
agreement lreiw<*(*n ealculate*el and ol)Sf*rve*el IM), 

We may, thereferre, conclude* that the IM), of both gelatin 
solutions and solutiemH erf crystalline* (*gg albumin s(*f)arn.ie*d by a 
collodion membrane from a wat(*ry solution fre‘(* from protein is 
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exclusively determined by the Donnan equilibrium, since 
otherwise the quantitative agreement between the observed 
P.D. and the values calculated from Donnan^s equation would 
be impossible. 

It may be stated, finally, that since P.D. = 29 log ^ 

millivolts, it follows that the addition of a non-electrolyte to a 
gelatin chloride solution cannot influence the P.D. since the 

addition of a non-electrolyte cannot affect the value of 

y 

The expression for P.D. also explains why the P.D. is zero 
at the isoelectric point of a protein, since z becomes zero at that 
point. Moreover, it is obvious that the addition of a neutral 
salt to a solution of isoelectric gelatin cannot further depress 
the P.D. or cause a reversal in the sign of the charge. 

Donnan’s theory of membrane equilibrium therefore explains 
mathematically and quantitatively the P.D. observed at equi- 
librium between a protein solution and a watery solution free 
from protein, separated by a membrane. It does not happen 
very often that every postulate of a theory is fulfilled by the 
observation as it is in this case. 

The bearing of this fact upon the theories of colloidal behavior 
is as follows: The P.D. is influenced by the hydrogen ion con- 
centration, by the valency of the ion, by the addition of neutral 
salt in the same way as are the other properties of protein, such 
as osmotic pressure, viscosity, and swelling. Since the Donnan 
theory explains this influence of pH, valency, and salt effect on 
P.D. with mathematical accuracy, it seems at least highly 
probable that it may also explain the other colloidal properties 
of proteins in the same way, with this difference only, that the 
experimental error is much greater in the measurements of the 
other properties than in the measurements of P.D. 


CHAPTER IX 


THE ORIGIN OF THE ELECTRICAL CHARGES OF MICEL- 
LAE, AND OF LIVING CELLS AND TISSUES 

1. Stability of Suspknstons, Elkotkicat. ('hahgks of 
Mi(!fllaiJ, and Donnan 1<]qui librium 

The sta])ility of suspcRisions is, j)(‘rluips, th(‘ (•lu(‘f prohloni of a 
thoory of colloidal Ix^havior. Hardy* has shown that tliis prob- 
lem is link(xl with t.ho probhnn of th(‘. origin of tin* chadrical 
charges of the particdcs in suspemsion, sin(*(‘ such {>articl(‘S an^ 
forccxl by mutual cIe(d-rostati(^ r(‘])uIsion to reunain in suspemsiom 
By his (ixperinumts on th(i migration of suspimdcd particI(‘H of 
coagulated whiter of egg in an (d(‘ctri(^al fudd h(‘ provcul that they 
have a positives (diarg(‘- in th(^ pr(‘S(‘n(u^ of acid, a n(*ga.tivc» charge 
in the presemeo of alkali, and no (duirg(‘ at an intAU’imdiatc^ point 
which he terrmxl the isoehictric point of th(^ parti(‘l(^H. He was 
able to d(un()nstrate that the stability of (colloidal Husjxmsions is 
a minimum at the isofdectric point. 

He and others found, moreover, that low (concentrations of 
neutral salts diminish the stability of colloidal suspensions in 
the presence of acids or alkalies and that th(‘ c‘ffi(U(mt ion of th(^ 
salt has the opposite sign of (charge to that of tine colloidal 
particle, since the precipitating efficciency of a salt in(cr(*aH(cs 
rapidly with tho valency of that ion of the salt which has thee 
opposite sign of charge to that of the (colloidal particles. It 
seemed natural to infeer that tluc pr(c(cipitation of (colloidal sus- 
pensions by low con(i(cntration8 of a salt wiis caused by an 
annihilation of the charge of the (colloidal partiede. The problem 
of the stability of the colloidal suspension them developed into 
the problem of accounting for this peculiar behavior of the 
electrical charges of colloidal particles. 

Hardy^s original idea was that the H ions of the acid or OH 

1 Hardy, W. B., Proc. Roy. Soc., vol 66, p. 110, 1900. 
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ions of the alkali were adsorbed by the colloidal particle in pref- 
erence to the other ions on account of their greater rapidity of 
migration;^ and this idea was also accepted by Perrin^ in his 
experiments on electrical endosmose, where it was necessary 
to account for the fact that certain membranes become posi- 
tively charged in the presence of acid and negatively in the 
presence of alkali. Those who accept the adsorption hypothesis 
explain the fact that the electrical charges of the particles are 
apparently diminished or destroyed by the addition of a salt on 
the assumption of a preferential adsorption of one of the ions of 
the salt by the micellse; yet such an assumption is incompatible 
with the purely stoichiometrical behavior of proteins. It is 
also difficult to account on the basis of the adsorption hypothesis 
for the fact that the addition of little acid increases while the 
addition of more acid depresses the electrical charge of micellse. 

A second possibility was pointed out by the writer in 1904,^ 
namely, that Hardy’s migration experiments might be explained 
in the case of proteins by the fact that proteins are amphoteric 
electrolytes which in the presence of alkali dissociate electro- 
lytically by giving rise to a protein anion and in the presence of 
acid giving rise to a protein cation; while at the isoelectric point 
no protein ion would be formed. This idea could, however, not 
explain why the addition of a salt in low concentration should 
dimmish the charge of aggregates of ions, i.e.^ the micellse, except 
by assuming that in this case the electrolytic dissociation of the 
protein salts should be repressed. The concentration of salts 
required for the precipitation of colloidal suspensions is, however, 
much too small to make such a suggestion acceptable. The 
idea is, however, correct if applied to the migration of isolated 
protein ions in the electrical field. 

In 1916 J. A. Wilson^ suggested that these electrical charges of 
micellse were caused by the establishment of a Donnan equilib- 
rium between the colloidal particle and the surrounding solution. 
There were, however, no measurements of membrane potentials 

^ Hakdy, W. B., J. 'physiol. j voL 29, p. xxvi, 1903. 

2 Perrin, J., J. chim. physique, voL 2, p. 601, 1904; voL 3, p. 50, 1905. 
Notice sur les litres et travaux scientifiques de M. Jean Perrin, Paris, 
1918. 

3 Loeb, j., U'uiv. Cal. Pub., Physiology, vol. 1, p. 149, 1904. 

^ Wilson, J. A., /. Am. Chem. Soc., vol. 38, p. 1982, 1916. 
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available at that time and this was probably the reason that his 
suggestion was not accepted. 

We may consider a protein solution inside a collodion bag and 
surrounded by a watery solution as a model of a protein micella 
suspended in a watery solution. In that case it can be shown 
that the electrical charge of such a model varies in exactly the 
same way as the charges of colloidal particles in suspension, 
e,g.j coagulated egg albumin. 

1. The electrical charge of the micella model (i.e., gelatin solu- 
tion in a collodion bag) is zero at the isoelectric point. 

2. The charge of the model is positive on the acid side and 
negative on the alkaline side of the isoelectric point of gelatin and 
of crystalline egg albumin. 

3. The charge of the model increases with the addition of little 
acid and diminishes with the addition of more acid to isoelectric 
particles. 

4. The charge of the model is diminished by the addition of low 
concentrations of neutral salts, and the depressing action of the 
salt increases rapidly with the valency of that ion of the neutral 
salt which has the opposite sign of charge to that of the micella. 

It has been shown in the preceding chapter that these facts 
can be explained not only qualitatively but quantitatively from 
the theory of Donnan^s membrane equilibrium. This quantita- 
tive agreement leaves no doubt that the electrical charge of this 
micella model is caused exclusively by the Donnan equilibrium. 

2. The Electkical Charge op Suspended Particles of 
Powdered Gelatin 

We may ask whether it is justifiable to consider a gelatin solu- 
tion enclosed in a collodion bag and surrounded by an aqueous 
solution as a model of a micella. This is theoretically correct 
since the colloidal behavior of both a true micella as well as the 
protein solution in a collodion bag is due to the same condition, 
namely, that the protein ion is prevented from diffusing into the 
outside aqueous solution while no such block exists for the diffu- 
sion of the crystalloidal ions. The block which prevents the 
diffusion of the protein ions in the model is the collodion mem- 
brane, while in the case of the micella (or a solid jelly) it is the 
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cohesion between the protein ions themselves. The formation of 
a micella depends upon these cohesive forces between the protein 
ions (or parts of these ions) becoming stronger than the attractive 
forces between the protein molecules and the molecules of water. 
The nondiffusibility of the protein ions of the micella must give 
rise to the establishment of a Donnan equilibrium between the 
micella and the surrounding liquid, and this equilibrium must 
give rise to the electrical charge of the micella. The only ques- 
tion is how far the agreement between Donnan^s theory and the 
observed charge goes in the case of true micellse. To test this we 
used suspensions of particles of powdered gelatin in water. If it 
can be shown, first, that these particles assume electrical charges 
when suspended in water, second, that these charges vary in the 
usual way with pH and the presence of salts, and third, that these 
charges can be derived from the Donnan equilibrium, the theory 
of these charges as well as the theory of the stability of colloidal 
suspensions can be put on an exact scientific basis. 

The method of these experiments was as follows: Powdered 
particles of isoelectric gelatin were put into a solution of acid or 
alkali at a temperature of 20°C. and allowed to remain there for a 
number of hours to allow a complete or approximate equilibrium 
to be established between the inside of the micellae and the outside 
solution.^ The temperature must not be above 20°, since other- 
wise the granules of gelatin will dissolve too rapidly. After a 
number of hours the suspended particles were separated from 
the outside solution by filtration, the gelatin was melted and put 
into vessels with two bent tubes (see Fig. 42). After the gelatin 
had set to a gel (by cooling) the P.D. between the solid gel and 
the outside solution (filtrate) was determined with the electro- 
meter. The P.D. was that of the following cell: 


calomel 

saturated 

outside 

solid gel 

saturated 

calomel 

electrode 

KCl 

watery 

solution 


KCl 

electrode 


Everything else being symmetrical the P.D. measured was that 
between the suspended particles of gelatin (solid gel) and the 
outside solution with which the gelatin micellae had been in 
complete or approximate equilibrium. 

^Loeb, J., J. Gen. Physiol., vol. 4, p. 351, 1921-22. 
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It can be shown that the P.D. between the micellae and the 
surrounding solution is influenced in the same way by pH, 
valency, and salts as is the P.D. between a protein solution and a 
watery solution separated from each other by a collodion mem- 
brane. It was then necessary to ascertain whether this P.D. 
was due to Donnan equilibrium, and for this purpose the pH 



Fig. 42. — Method of measuring P.D. between gel and surrounding solution. 


inside of the (melted) gelatin micellae and the pH of the outside 
solution were measured with the hydrogen electrode and the 
potentiometer. It was found that the value 58 (pH inside the 
micellae minus pH outside) agreed as closely with the P.D. 
observed with the Compton electrometer as the accuracy of the 
measurements permitted. This makes it highly probable that 
the electrical charge of the micellae is determined by the Donnan 
equilibrium. We will again call the value 58 (pH inside micellae 
minus pH outside) the calculated P.D. though it was in reality 
also observed. The accuracy of the P.D. measurements is not as 
great as in the case of the experiments of the preceding chapter, 
for reasons which we have not yet been able to ascertain. 
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3. The Influence of pH on the Chakge of Suspended 

Paeticles of Powdered Gelatin 

One-gram samples of powdered isoelectric gelatin going through 
mesh 30 but not through mesh 60 were put into 350 c.c. of water 
containing various quantities of HCl (see first horizontal row of 
Table XXIV), and left in these solutions for 24 hours at 20°C. 
The mixtures were occasionally stirred. After 24 hours the 
relative volume of the particles was measured and they were put 
on a filter to allow the acid to drain off. The gelatin was then 
melted by heating to 45'^C. and poured into glass cylinders which 
at their lower end had two glass side tubes attached (Fig. 42). 
The mass was then allowed to solidify by cooling and the P.D. 
between gelatin and watery solution was ascertained. One of the 
two glass tubes dipped into a beaker containing the outside HCl 
solution (the filtrate) with which the gelatin had been in equilib- 
rium, and the other dipped into a beaker containing a saturated 
solution of KCl. Each beaker was connected with a calomel 
electrode (filled with saturated KCl) leading to a Compton 
electrometer. The last row in Table XXIV gives the observed 
P.D. in millivolts. 

The pH of the melted gelatin was determined potentiometri- 
cally. This is called pH inside in Table XXIV. The pH of the 
outside solutions (filtrate) was also determined. 

While the agreement between the observed P.D. and the value 
of 59 (pH inside micellae minus pH outside) is not as good as in the 
experiments with collodion bags, it is at least sufficient to leave 
no doubt that the charge is caused by the Donnan equilibrium in 
the way discussed in the preceding chapter. 

4. The Influence of Acid and Alkali on the Sign of Charge 

OF Micellae 

In Hardy’s experiment with white of egg the particles were 
positively charged on the acid side of the isoelectric point and 
negatively charged on the alkaline side. It can be shown that 
this is also true for the charges of the suspended particles of 
powdered gelatin, and that this change of sign of charge of these 
particles by going from the acid to the alkaline side of the iso- 


Table XXIV. — Suspensions of Powdered Gelatin 
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electric point is accompanied by a change in the sign of the value 
(pH inside micellae minus pH outside). 

One gram of powdered gelatin of grain size between mesh 30 
and 60, rendered isoelectric, was put into each of a series of 
closed flasks containing 350 c.c. of distilled water with varying 
quantities of 0.1 n HCl or NaOH per 100 c.c. (see Table XXV). 
The temperature was 20° C. After 4 hours the powdered gelatin 
was separated from its supernatant liquid by filtration, the gela- 
tin was melted and the pH of the melted gelatin and of the outside 
solution (filtrate) were measured. The gelatin was then solidi- 
fied and the P.D. between the solid gelatin and the filtrate (out- 
side solution) determined, as described. The results of the 
experiments are given in Table XXV. The first row gives the 
number of cubic centimeters of 0.1 n HCl or NaOH contained 
originally in 100 c.c. outside solution. The next row gives the 
relative volume of the solid mass of gelatin, f.e., the degree of 
swelling. The rest of the table needs no explanation. It is 
obvious that pH inside minus pH outside is positive as long as the 
pH of the gelatin is on the acid side of the isoelectric point, while 
it is negative when the gelatin is on the alkaline side of the iso- 
electric point. The turning point is approximately at the iso- 
electric point, but the measurements near the isoelectric point 
are obviously vitiated by experimental errors and possibly by 
some other factor, so that we cannot demonstrate more by the 
experiment than that suspended particles of solid metal gelatinate 
have the opposite sign of charge to that of the micellse of gelatin 
chloride, and that this difference is accompanied by a reversal of 
the sign of the value of pH inside minus pH outside, which is 
positive in the case of gelatin chloride and negative in the case 
of Na gelatinate. It may also be pointed out that the minimum 
of swelling (volume) coincides with the minimum of P.D. 

5. The Influence of Salts on the Chaege of Suspended 
Particles of Gelatin 

The most important fact which a theory of the electrical charge 
of colloidal micellse is expected to explain is the annihilation of 
these charges by neutral salts. Those who believe in the adsorp- 
tion theory assume that both ions of a neutral salt are adsorbed 
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by the colloidal particles, and that the salt ion with the opposite 
sign of charge to that of the colloidal particle diininislH^s the 
charge of the latter, while tlic salt ion with th(i vsariK^ sign of chai'ge 
as the colloidal particle incrc^ases tho charg(‘ of the latt(‘r, and 1h(^ 
more the higher the valency of tho ion of the salt. Th(j id(^a, t hat 
such an adsorption occurs is d(dinit.ely refuted by the exjKninicmts 
discussed in Chap. II (s(‘e Figs. 1 and 2). It might, how(nnT, 
be possible that the ion with the same sign of charges as t\m 
colloidal particle might incr(‘as(‘. tlui charge of the (*olloidal 
particle in some othen* way than through adsorption, and it. was 
necessary to test this possibility, which has found at^ceptamre on 
the part of some clunnists. Th(^ writ(‘r^s (‘X’pmhmnds on anomal- 
ous osmosis hav(^ shown that wlam a dilute' solution of a salt is 
separated from pun^ water by a collodion m(‘m})ran(‘ coatf'd 
with g('latin, if the salt solution and tlu' water art' brought U> the 
same |)H by adding an acid, c.{/., IINO^, the* potc'ntial <lifT(*r(‘nce 
on the two opposih^ sid(‘s of the m(‘ml)raiH' iru'n'USf'S with the 
valency of the (uition of th(^ salt used, i.e., in th(^ ordc^r 

0(*>(’a> Na 

This influence was found to be duci to a diffusion potential.^ 
Nevertheless it seemed ncicessary to detc^rmiru', wh(dh('r or not 
these cations influenced the charge of suspend(‘(l partiedes of 
gelatin chloride in the sarnci way. If this were true, the (h'pn'ss- 
ing effect of CeCU on the charge of the micedhe should la* less 
than the depressing effect of CaC'U, and the depressing effecd- of 
CaCb should be less than the dc^pressing effect of NaCl, providcid 
the pH is on the acid side of the isoelectric point. 

If, on the other hand, the Donnan effect alone determines the 
depressing effect of the salt on the charge of the suspended 
particles of gelatin, this depressing effect should be (exclusively 
due to the anion of the salt on the acid side of thc^ isocdc^^tric 
point of the gelatin, while the (nation of the salt should have no 
effect. This follows from the discussion in the preceding chapter 
according to which the P.D. between gelatin chloride solution 



and y are the anions. The cations do not entc^r into the term on 
1 Loeb, J., J. Om. Physiol.^ vol. 4, pp. 213, 403, 1921-22. 
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the acid side of the isoelectric point. We shall see that the meas- 
urements of the P.D. between micellae and surrounding solution 
are sufficiently accurate to leave no doubt that the Donnan equi- 
librium alone determines the charge of the micellae and that the 
cation of the salt does not increase the charge of the micellae of 
gelatin chloride. 

In order to get accurate measurements it was necessary to use 
micellae of gelatin chloride of a pH sufficiently far from the iso- 
electric point to avoid the errors of the measurements which 
occur near that point. We weighed out doses of 1 gm. of 
powdered gelatin of a pH of near 7.0 and made them isoelectric by 
treatment with m/128 acetic acid and subsequent washing as 
described in Chap. II. In this process some gelatin was dis- 
solved and lost (probably about 25 per cent). The isoelectric 
powdered gelatin was put into 200 c.c. of H 2 O or a solution of 
different concentrations of a salt — NaCl, CaCb, BaCb, CeCb, 
or Na 2 S 04 — and containing 16 c.c. of 0.1 n HCl. This brought 
the pH of the micellse down to 2.8 or less, as Tables XXVI to 
XXX show. The powdered gelatin was left in these acid-salt 
solutions for two hours at 20°C., with frequent stirring. Then 
the supernatant liquid was separated from the powdered particles 
of gelatin by filtration and the P.D. between the micellse and the 
surrounding liquid (filtrate) measured with the Compton electro- 
meter using the electrodes described in Fig. 42. After this the 
value (pH inside — pH outside) was obtained with the aid of the 
hydrogen electrode at 24°C. and this value multiplied by 59 is 
called the calculated P.D. Tables XXVI to XXX give the 
results. The uppermost row gives the nature and concentration 
of the salt. The next row gives the relative volume of the gel 
of gelatin, and the depressing influence of the salt on the swelling; 
then follow the values for pH inside and outside measured with 
the hydrogen electrode and then the values pH inside minus 
pH outside. The last two columns give the calculated P.D., ^.6., 
the value 59 (pH inside minus pH outside), and the P.D. observed 
with the Compton electrometer and the indifferent electrodes 
described in Fig. 42. 

The fact in common to all the experiments is the satisfactory 
agreement between the observed and calculated P.D. except that 
the calculated P.D. is on the average about 3 millivolts higher 
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Concentration of BaCl^ 
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Table XXX. — Influence of Concentration of Na2S04 on the Charge of Micellae op Gelatin Chloride 
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than the observed P.D. and the 
cause for this difference is un- 
known at present. It is, how- 
ever, a constant difference and 
has therefore no relation to the 
nature of the salt used. When 
we use as a standard for com- 
parison of the relative depressing 
effect of a salt the concentration 
required to depress the observed 
P.D. to about 10 millivolts, we 
find that the following concen- 
trations of the five salts are 
required for this purpose. 

NaCl about m/64 
CaCU slightly above m/128 
BaCl 2 slightly above m/128 
CeOs between m/256 and m/128 
Na 2 S 04 about m/256 

The main fact is that the de- 
pressing effect of the four salts 
NaCl, CaCls, BaCh, and CeCb 
is determined by the chlorine ion 
concentration, and that the val- 
ency of the cation has no influ- 
ence. This leaves no doubt that 
the charge of the micellae is an 
unequivocal function of the 
Donnan equilibrium. 

The depressing action of Na 2 - 
SO 4 is about four times as great 
as that of NaCl. 

If the precipitating effect of a 
salt on the stability of colloidal 
suspensions is due exclusively to 
the depressing effect of the salt 
on the P.D. between micellae and 
surrounding liquid, only that ion 
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should have an effect on the precipitation which has the opposite 
charge to that of the micellse; and this precipitating effect should 
increase with the valency of the active ion. The Hardy-Schulze 
and Linder-Picton rule of precipitation is, therefore, only the 
consequence of the Donnan equilibrium. 

It is necessary to correct in this place an error which occurs 
frequently in the colloidal literature, namely, the statement that 
in the precipitation of colloidal suspensions by neutral salts the 
colloidal particles are brought to the isoelectric point by the 
salt. What happens is that by the addition of neutral salts the 
P.D. between suspended particles and liquid is diminished, and 
if enough salt is added completely annihiliated. This is due to 
the fact that as a consequence of the addition of the salt the value 


y in the term 


log (l+J) 


upon which the P.D. depends, increases. 


When, however, the gelatin granules are brought to the iso- 
electric point of gelatin, i.e., to pH 4.7, through a change in the 
hydrogen ion concentration, the P.D. between particles and 
surrounding liquid becomes also zero, but for a different reason, 
namely, because the gelatin is now no longer ionized at this point. 
In this case the P.D. becomes zero because z in the term log 



becomes zero. 


If the theory of the Donnan equilibrium is applied to these 
phenomena it becomes therefore obvious that the P.D. between 
colloidal particles and surrounding liquid can become zero in two 

different ways: first, by making the value of z in the term ^ ^ 


equal to zero, and this is only possible by bringing the hydrogen 
ion concentration of the solution to that of the isoelectric point 
of the protein (which in the case of gelatin is at pH 4.7); and 

z 

second, by making y in the term 1 + - very large, i.e,, by increas- 
ing the concentration of the ions having the opposite sign of 
charge to that of the colloidal particles, and this can be done at 
any pH by adding a neutral salt. 

It is therefore entirely wrong to say that the salt causes the 
precipitation of the suspended particles by bringing them to the 
isoelectric point or that the isoelectric point of a protein is shifted 
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by the addition of a salt. The isoelectric point of a protein is a 
constitutional property of the protein which need not be and 
probably, as a rule, is not affected by the addition of a neutral 
salt, since it is that hydrogen ion concentration at which a protein 
dissociates equally as an acid and as a base. 

Electrical endosmose, anomalous osmosis, and kindred phen- 
omena are due to the fact that there is a P.D. between the liquid 
and the walls of the membrane through which the liquid diffuses. 
It is often assumed that this P.D. is due to the adsorption of ions 
by the membrane whereby the charge of the adsorbed ion is 
transferred to the membrane. The writer tested this idea by 
experiments with membranes which had received a coating of a 
protein. He found that at the isoelectric point of the protein 
which forms the coating no electrical transport of water occurs 
either in electrical endosmose or in anomalous osmosis.^ This 
agrees with the idea that the charge of the liquid inside the pores 
of the membrane is due to the Donnan equilibrium between 
membrane and liquid. 

Experiments on anomalous osmosis were made to test the idea 
whether or not salts can transfer an electrical charge to solid 
particles of gelatin as acids or alkalies can. In order to test this 
idea these experiments were made with liquids of pH 4.7, ^.e., at 
the isoelectric point of gelatin. In this case the gelatin is not 
charged through acid or alkali and no electrical transport of water 
occurs at this point in either electrical endosmose or in anomalous 
osmosis. If now a salt, like CaCl 2 or Na 2 S 04 , were able to trans- 
fer a charge to the gelatin, this should betray itself by an electrical 
transport of water through the gelatin membrane at pH 4.7 in 
experiments on anomalous osmosis. It was found that salts, like 
LiCl, NaCl, KCl, MgCU, CaCl 2 , BaCls, Na 2 S 04 , and others, at 
pH 4.7, leave the isoelectric gelatin uncharged, and that no 
electrical transport of liquid occurs at pH 4.7 in the presence of 
these salts. When, however, solutions of salts with trivalent 
cations, such as LaCls or CeCls, or with tetravalent anion, like 
Na 4 Fe(CN) 6 , (all of pH 4.7) were used, the film of isoelectric 
gelatin assumed a charge; this charge was positive in the case of 
CeCb or LaCls and negative in the case of Na 4 Fe(CN) 6 . It was 

^Loeb, J., J. Gen. Physiol., vol. 2, p. 557, 1919-20; and in unpublished 
experiments. 
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apparently not due to a change in the pH since it occurred also 
when the salt solution was buffered by the addition of a mixture 
of Na acetate and acetic acid.^ Perrin had noticed in his experi- 
ments on electrical endosmose^ that salts with trivalent cations 
reversed the sign of charge of negatively charged membranes and 
that tetravalent anions reversed the sign of charge of positively 
charged membranes. 

As a possible explanation the writer suggested a loose combina- 
tion between isoelectric gelatin and the salts with trivalent cations 
or tetravalent anions, resulting in the formation of complex and 
positively charged gelatin-Ce or gelatin-La ions or negatively 
charged gelatin-Fe(CN)6 ions. In other words, salts with 
trivalent (and tetravalent?) cations would react with isoelectric 
gelatin somewhat like acids, and salts with tetravalent anions 
would react somewhat like alkalies, the former causing the forma- 
tion of positively charged complex protein ions, the latter 
causing the formation of negatively charged complex protein 
ions, — with this difference, that the protein-acid salts and metal 
proteinates are much more stable than the complex salts formed 
with trivalent cations and tetravalent anions. The result would 
in both cases be the ionization of the protein salt, resulting in a 
Donnan equilibrium and P.D. between solid protein and water. 

It should be added that the experiments in Chap. II show 
that the Ce or Fe(CN)6 ions can be washed away very easily, so 
that their compounds with gelatin differ in this respect from the 
compounds of gelatin with acid or alkali. 

The tendency of proteins to form durable films when in contact 
with solid bodies probably explains the phenomenon that the 
addition of a little gelatin keeps coarser particles in suspension 
which without the gelatin would rapidly settle. If in this case 
the gelatin forms a solid film on the surface of the particle the 
latter will assume an electrical charge as long as the liquid has a 
pH different from 4.7 ; since as long as the pH is either less or more 
than 4.7 the P.D. between water and the gelatin-coated particles 
will keep the latter from settling. When, however, the pH is 
4.7, this protective influence of the gelatin must disappear. 

^Loeb, J., J. Gen. Physiol. , vol. 4, p. 463, 1921-22. 

^Pebrin, j., j. chim. physique, vol. 2, p. 601, 1904; vol. 3, p. 50, 1905. 
Notice sur les titres et travaux scientifiques de M. Jean Perrin, Paris, 1918. 
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It is very interesting that this film formation of gelatin on 
collodion membranes occurs regardless of the pH of the solution. 
It is, therefore, not necessary that the gelatin (or protein) be 
ionized to form a film on collodion membranes. 

Aside from the electrical charges, the osmotic pressure of the 
solution seems also to have an effect on the stability of the col- 
loidal solution. We shall see that the Donnan effect demands also 
that the osmotic pressure be influenced in a similar way by the pH, 
the valency, and the presence of salt as is the P.D. The depress- 
ing effect of the salt on the difference of osmotic pressure inside 
and outside the micellae may possibly be of more importance in 
the precipitation of colloidal suspensions than the depressing 
effect of the salt on the electrical charge of the micellae. This is 
indicated by the fact that the difference in the depressing effect 
of NaCl and Na 2 S 04 is greater for osmotic pressure than for P. D. 

6. The Origin of the Electrical Charges of Living Cells 

AND Tissues 

In his first paper on the theory of membrane equilibria Donnan 
suggested that the membrane potentials postulated by his theory 
might contribute towards an explanation of the action of nerves 
and even of electrical fish. In 1911 the writer suggested to Dr. 
Beutner that he investigate the P.D. between such organs as 
apples, or leaves of the rubber plant, and water, instead of the P.D. 
of muscles or nerves, which had usually been used by physiologists 
for this purpose. In these experiments Dr. Beutner made the 
important observation that the P.D. between the surface of an 
apple or a leaf was a maximum when the bounding liquid was pure 
water, while the P.D. was depressed when a salt was added to 
the water, the depressing effect on the P.D. increasing with the 
concentration of the salt.^ MacDonald^ had observed a similar 
phenomenon, namely, the increase in P.D. between nerve and 
surrounding salt solution with increasing dilution. Donnan’s 
theory was not known to us and we were not able to give an 
explanation of the depressing effect of salt on the P.D. 

A search was made for those substances in the cortex of an 
apple or leaf which might be responsible for these peculiar con- 

^Loeb, J. and Beutner, R., Biochem.-Z., vol. 41, p. 1, 1912. 

* MacDonald, J. S., Proc. Roy. Soc.j vol. 67, p. 310, 1900. 
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centration effects on the P.D. When the P.D. between solid 
gels of gelatin and of coagulated egg albumin and water was 
investigated, no potential differences were observed, to the great 
surprise and disappointment of the writer, who had hoped that 
the investigations of the P.D. might lead to an explanation of the 
antagonistic ion effects in which he was then interested. It is 
possible that the negative results with protein were due to the 
fact that the measurements were accidentally made near the 
isoelectric point. On the other hand, it was found that there 
existed a P.D. at the boundary of lipoids (lecithin dissolved in 
guaiacol) which was depressed by the addition of salts and the 
more the higher the concentration of the salt.^ 

This analogy between lipoids and living cells gave us the im- 
pression that the proteins had no share in the potential differ- 
ences observed between living tissues or living cells and watery 
solutions. The experiments recorded in this chapter leave no 
doubt that this conclusion was wrong; any ion in a cell or on its 
surface which cannot diffuse into the surrounding watery solu- 
tion (no matter whether the ion is a protein or a fatty acid or some 
complicated lipoid or a complicated carbohydrate or even a 
crystalloid) can or must give rise to a P.D. which is depressed 
when a diffusible salt is added to the surrounding watery solution. 

The idea that lipoids are the substances responsible for the 
P.D. of tissues led Beutner to an extensive and most interesting 
investigation of the P.D. at the boundary of water-immiscible 
substances and water,^ He found always a depressing effect 
of the addition of salt. Beutner tried to explain this on the 
basis of differences in the electrolytic dissociation in the watery 
and the water-immiscible (oily) phase. Such an explanation 
cannot be applied to the experiments with protein solutions and 
yet these latter solutions also show the depressing effect of the 
addition of salt on the P.D. in a most striking way. In this 
latter case the depressing effect of the salt on the P.D. is due to 
the Donnan equilibrium, and there is no reason why the theory 
of membrane equilibria should not apply to the P.D. between 

^Loeb, J. and Beutner, R,., Biochern.-Z vol. 51, p. 288, 1913; vol. 59, 
p, 195, 1914. 

2 Beutner, R., “Die Entstehung elektrisch.er Strome in lebenden Gewe- 
ben,” Stuttgart, 1920. 
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oily and watery phases, since this theory only demands that one 
ion of the oily phase should be prevented from migrating into 
the watery phase. Any lipoid ion would fulfill this postulate 
of the theory. The peculiarities of electrolytic dissociation 
found by Beutner in non-aqueous solutions must, however, influ- 
ence the Donnan equilibrium in a secondary way, since this 
equilibrium depends upon ionization. 


CHAPTER X 


OSMOTIC PRESSURE' 

1. Theoretical Statements 

The characteristic features of colloidal behavior appear also in 
the case of the osmotic pressure of solutions of protein salts. 
If the Donnan equilibrium is actually the cause of this behavior, 
as the experiments on membrane potentials suggest, it must be 
possible to derive these features of the osmotic pressure quanti- 
tatively and mathematically from Donnan^s equilibrium formula. 
It is the purpose of this chapter to show that this is possible on 
the basis of vanT Hoff^s theory of osmotic pressure. The 
methods of measuring the osmotic pressure have been described 
in Chap. V. Collodion bags, of a volume of about 50 c.c., are 
filled with a protein solution, while the outside solution is 350 c.c. 
of water into which diffuses some of the free acid of the protein- 
acid salt solution or some of the free alkali of the metal proteinate 
solution. In order to hasten the establishment of equilibrium 
between inside and outside, the pH of the outside solution 
was usually at the beginning of the experiment brought to the 
same pH as that of the protein solution by adding the same acid 
or the same base as that of the protein solution. Equilibrium 
was established after about 6 hours but the measurements were 
usually taken after about 20 hours. The solutions were kept at 
a constant temperature of 24°C. throughout the experiment. 

A gelatin chloride solution contains free hydrochloric acid, 
gelatin chloride (which dissociates electrolytically like any other 
salt in watery solution), and non-ionogenic protein molecules. 
A 1 per cent gelatin chloride solution of about pH 3.5 is in equi- 
librium with a HCl solution (free from protein) of a pH of about 
3.0, the solutions being separated by a collodion membrane. 

The terms for the calculation of the osmotic pressure of 
gelatin solutions are the same as those used by Procter (1914) 

^Loeb, J., J. Gen. Physiol., vol. 3, p. 691, 1929-21. 
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and by Procter and Wilson (1916)^ for the calculation of the 
swelling (see Chap. XI). Since, however, the application of 
the theory is simpler in the case of osmotic pressure than in the 
case of swelling, it may be well to discuss osmotic pressure 
experiments first. ^ 

Let y be the concentration of the H and Cl ions of the free HCl 
inside a gelatin chloride solution (containing 1 gm. of originally 
isoelectric gelatin in 100 c.c.), z the concentration of the Cl ions 
held by the gelatin ions, and a the sum of the concentrations of 
the gelatin ions and non-ionized molecules of gelatin. For the 
sake of simplification we assume complete electrolytic dissociation 
of the gelatin chloride and of the HCl. In this case the osmotic 
pressure of the inside solution is determined by 

2y + z + a 

Since, however, the outside solution is at equilibrium not H 2 O 
but HCl solution — in the example selected a HCl solution of 
about pH 3.0 — the observed osmotic pressure is the difference 
between the osmotic pressure of the inside solution and the 
osmotic counterpressure of the outside solution. 

Let X be the concentration of the H ions in the outside solution, 
then the osmotic counterpressure of the outside solution is 
determined by 2x. . 

Hence the observed osmotic pressure of the gelatin chloride 
solution is determined by 

2y z + a — 2x 

The osmotic pressure is observed experimentally, y can be 
calculated from the pH inside, and x from the pH outside. 

z can be calculated from Donnan^s equilibrium equation 

x’^^yiy + z) ( 1 ) 

{x + y)(x-y) 
z = 

y 

where x, y, and z have the significance stated above. The z 
thus calculated differs, however, from the z obtained from the 

^ Proctee, H. R., /. Chem. Soc., vol. 105, p. 313, 1914. Procter, H. R. 
and Wilson, J. A., J. Chem. Soc., vol. 109, p. 307, 1916. 

^Loeb, j., L Gen. Physiol., vol. 3, p. 691, 1920-21. 


OSMOTIC PliKSSUllK 


171 


titration values, and this is probably the causes of a slighi, dis- 
(jrcpancy between observed and calculated osmotic f)r(‘ssur(‘s. 
For the present we (ialculate z from eciuation (1). 

a is unknown, and we therefore can only calculat,(^ for 
present the values of 


2?/ + z — 2x 

If we express the theoretical osmotic pressure of a gramniol<M!ti~ 
lar solution in terms of millim(d,er pn^ssure of a (X)lumn of II2O w(^ 
get (with correction for a temperature of 24°C.) 

22.4 X 7 ()() X X = 2.r> X HH' nun. 

In other words, a theoretical pressun^ of 2.5 mm. IlgO c-or- 
responds to a concentration of N. In th(‘ following iahlcB 
all concentrations are expn^ssed in terms of N ami hcuu^^we 
only need to multiply thci values for 2?/ + -2 2x giv(Ui in our 
tables by 2.5 to obtain the cahuihdxul osmolu'c, |)r(*Hsur(^ of tlu^ 
gelatin solution in mm. ILiO (n(‘gl(Hd.ing the osmoti<: pn^ssun^ of 
the gelatin ions and moh^cukvs). 

Equation (1) liolds in tlu^ cas(^ of solutions of all gel athii -acid 
salts with monovalent anion; z.e., g(‘latin (ddoridc^, a<c(d-ate, 
phosphate, tartrate^ <‘itrat(^, (‘t(‘-. Wlnm, how(W(‘r, th(‘ a,nion of 
a gelatin-acid salt is divalent,, as in the (*as(‘ of g(hitin sulpha, t-c^, 
the e(iuili})rium eejuation b(‘com(\s om^ of t,h<^ third d(‘gr(‘<^ m 
has b(‘en statcHl in (duip. VIII. If .r is th(‘ hydrogem ion (con- 
centration of the outside! solution, thcc eonecuit ra,t,ion of tine SO4 

X 

ions in the outsickc solution txaunmes If ;// is tine ('one(mtrati(ai 
of the H ions of t.lu! fnce sulphuric achl in tin* insidcc solut.ion, f 

Jj 

is tho concentration of th<; HO^ ions of liu; fre<t aci<l insidi^ tlie 
gelatin sulphate! solution. In tlu! (!aso of geelatin (ihloriele! z repre- 
sented the concentration of chlorine ions in (!oinhinaf ion with 

z 

the gelatin; h(!nce ^ will repres(“nt. the coikhuiI radon of S()4 ions 
in coinl)ination with the saiiu! nnnilKir of gelatin ions. 
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The equilibrium equation, therefore, assumes in the case of 
gelatin sulphate the following form : 


X 

'2 




( 2 ) 


From equation (2) it follows that 


^ 

y2 


The osmotic pressure of the gelatin sulphate solution should 
therefore be calculated from the following values (omitting the 
share of the osmotic pressure due to the gelatin molecules and 
ions). 



3 

2 ^ 


2. The Calculated Curves for the Influence of pH and 

Valency 

Solutions containing 1 gm. of originally isoelectric gelatin in 
100 c.c. and containing different quantities of acid were prepared. 
Collodion bags cast in the form of Erlenmeyer flasks of 50 c.c. 
volume were filled with the 1 per cent solutions of a gelatin-acid 
salt and put into beakers containing 350 c.c. of H 2 O. In order 
to accelerate the establishment of the equilibrium between inside 
and outside solutions a certain amount of acid was added to the 
outside water (e.g., HCl in the experiments with gelatin chloride, 
H3PO4, in the experiments with gelatin phosphate, etc.). Each 
Erlenmeyer flask was closed with a rubber stopper perforated 
by a glass tube serving as a manometer. All this was described 
in more detail in Chap. V. 

In Fig, 43 are plotted the values of the osmotic pressures of 1 
per cent solutions of gelatin chloride, gelatin phosphate, and 
gelatin sulphate, calculated on the basis of equations (1) and (2); 
and Tables XXXI, XXXII, and XXXIII give the data on the 
basis of which the calculations are made. The absciss® in 
Fig. 43 are the pH in the inside solution at the point of equilib- 
rium, the ordinates are the values for osmotic pressure calcu- 
lated from the equations referred to. Figure 44 gives the 
actually observed osmotic pressures in the same experiments 
which furnished the data for the calculated curves in Fig. 43. 
The reader will notice that the three curves plotted in Fig. 43 
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show not only the same qualitative characteristics as the curves 
for the observed osmotic pressures in Fig. 44, but show them 
^loaost quantitatively; except that a correction for the value of 
osmotic pressure due to the gelatin particles themselves has to be 
added, a point which will be discussed later. What is of im- 



pH 1.4 l.e IB ZO 22 2.4 2.6 2.8 3.0 3.2 3.4 36 3.8 4.0 42 44 4.6 4B 


Fio. 43. — Calculated curves of osmotic pressure taken from the data of the 
ox:x>oriments represented in Fig. 44. The calculation is made on the basis of the 
va.lidity of Donnan’s theory of membrane equilibrium. The calculations lead to 
cu.i-ves resembling the curves in Fig. 44 in all essential points, in regard to valency 
effoct of the anion, as well as in regard to influence of pH (see legend under 
Fi^. 44). 


portance here is the following: The curves for osmotic pressure 
calculated on the basis of the Donnan equation and plotted in 
43 resemble the curves for the osmotic pressure observed in 
the same experiments represented in Fig. 44 in the following 
(essential points. 
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(a) The curve for the calculated osmotic pressure of gelatin 
chloride is identical with the curve for the calculated osmotic 
pressure of gelatin phosphate, and the same is true for the two 
corresponding curves representing the observed osmotic pressures 
(Figs. 43 and 44). 



pH 1.4 1.6 IS 2.0 22 2.4 ^6 26 3.0 22 3.4 36 36 40 42 4.4 46 46 


Fig . 44 . — Observed curves representing the influence of pH and valency of 
anion on osmotic pressure of solutions in gelatin-acid salts containing 1 gm. of 
originally isoelectric gelatin in 100 c.c. solution. The curves for gelatin chloride 
and gelatin phosphate are identical since the anions, Cl and H2PO4, of these two 
gelatin salts are monovalent- The curve for gelatin sulphate is less than half as 
high as the curve for the two other salts because the anion of gelatin sulphate is 
bivalent. Both curves rise from the isoelectric point at to a maximum at pH 
about 3.4 or 3.5, and then drop rapidly again. 

(6) The curve for the calculated osmotic pressure of gelatin 
sulphate is a little less than half as high as the curves for the calcu- 
lated osmotic pressures of gelatin chloride and gelatin phosphate; 
and the same is true for the curves representing the observed 
osmotic pressures of gelatin sulphate and gelatin chloride. 



Table XXXI. — Gelatin Chloride 

Observed and calculated osmotic » pressures of gelatin chloride containing 1 gm. of originally isoelectric gelatin in 100 

solution at equilibrium 
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Table XXXIII. — 1 Per Cent Gelatin Sulphate 
Observed and calculated osmotic pressure at equilibrium 
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(c) All the curves in Figs. 
43 and 44 rise from a minimum 
at pH 4.7, reach a maximum 
(which lies at pH 3.4 or 3.5 
for the observed, and at 3.0 
for the calculated curves), and 
then drop again as steeply as 
they rose on the other side. 
Moreover, the absolute values 
of observed and calculated 
osmotic pressures are almost 
equally high, a fact which will 
be discussed more fully a little 
further on. 

It may be added that the 
curve for the calculated val- 
ues of the osmotic pressure 
of gelatin oxalate solutions 
agrees also with the curve for 
the observed values of the 
osmotic pressure of solutions 
of the same gelatin salt, 
both being slightly lower 
than the curves for gelatin 
chloride. 

In comparing the observed 
with the calculated values for 
osmotic pressure, the reader 
must keep in mind that the 
differences are exaggerated on 
account of the fact that the 
pressures are expressed in 
millimeters of a column of 
water instead of mercury. 
If we had expressed all the 
figures in terms of pressure of 
mercury, as is customary, the 
agreement would have ap- 
peared more complete. 
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We can, therefore, say that (with the exception of two minor 
discrepancies to be discussed further on) the Donnan equilibrium 
accounts not only qualitatively but almost quantitatively for 
(a) the valency effect of the anion with which the gelatin is in com- 
bination; (6) for the effect of the pH. 



pH 16 1.8 2.0 ZZ 2.4 2.6 2.8 3.0 3.2 34 3.6 3.8 40 42 4.4 46 


Fig. 45. — Showing agreement and minor discrepancies between the curves 
of observed and calculated osmotic pressures of 1 per cent gelatin chloride 
solutions. 


A glance at the formulae will show us that this influence of 
the pH on osmotic pressure is a mathematical consequence of 
12 
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the theory. From the equilibrium equation, - yiiy + 
follows that 

^ Vy{y + z) 

If we substitute this value in the term for osmotic pressure 2y 

z — 2x, we get 

2y + z — 2\/ y(y + z) 

When z is zero (at the isoelectric point), the whole term becomes 
zero. At the isoelectric point we observe therefore the osmotic 
pressure of the protein solution free from the disturbing effects 
of the Donnan equilibrium. When we add acid to isoelectric 
gelatin, z increases and so does y, but, as we have shown in 
Table XIV of Chap. VIII, z increases at first more rapidly 
than y and later more slowly. Hence, the value oi 2y + z — 
2\/y{y + t.e., the osmotic pressure, increases at first the more 

acid we add to isoelectric gelatin until a maximum is reached. 
When y grows more rapidly than z, z becomes more and more 
negligible in comparison to y and the value of the term 2y z — 
2y/ y{y + z) diminishes again with increasing y, finally approach- 
ing zero again as a limit. 

The curves representing the values for calculated osmotic 
pressures differ in one or two respects from the curves represent- 
ing the values for the observed osmotic pressures (Fig. 45). As 
a rule, the calculated values are lower than the observed values 
(though this is only partly true for Fig. 45). This is to be ex- 
pected since the calculated curves do not include that part of the 
osmotic pressure which is due to the protein particles and the 
calculated curves must therefore be too low, though this is 
(perhaps accidentally) not true for the descending part of the 
curve (for lower pH) in Fig. 45. The slight discrepancies be- 
tween observed and calculated values may be due to an uncer- 
tainty in our calculations or to a simplification in our assumption 
which is not justified. We assume, e.g., complete electrolytic 
dissociation of all compounds, which may not be entirely correct. 

The discrepancies may also be due to an error in calculating z, 

We calculated z from Vl where x and y were 

the hydrogen ion concentrations determined electrometrically. 


OmOTIC PRESSURE 


179 


There is a second way of measuring z, namely, by determining 
the concentration of Cl inside a 1 per cent gelatin (diloride solu- 
tion by titration. The Cl inside is partly in cornlnnation with H 
(free HCl) and partly combined with gelatin. By titrating with 
NaOH to pH 7.0 and making the correction for isoc^lectric 
gelatin (as described in Chap. IV) we determine th(^ valium 
z + y. y is known from the pH and by deducting y, we g(‘t z. 
We made such determinations at the end of an osmotic (^xpen’i-. 


ment and calculated z also from 


+ ?/)(? - y) 
y 


in thci same 


experiment. Talde XXXIV gives a comparison of the values 
of z obtained in identical solutions by the two different methods. 


Table XXXIV. — Concjentrationb of z X 10^ X 


pH of golatin hoIu- 












tion 

4.51 

4.20 

3.96 

3.61 

3.53 

3.32 

3.23 

2.86 

2.32 

2.16 

1.93 

z c.aktiilated from 


(x + ?/) •“ y) 

30 

90 

166 

223 

252 

316 

387 

493 

570 

687 

687 

V 

z found by titra- 












tion 

17 

! 

84.5 

170 

275 

291 

342 

401 

532 

548 

838 

885 


There is no wide divergence between th(i two sets of values, 
yet enough to suggest that tlie calculated values of z may l)e 
chiefly responsible for th(i discrepancy betwcMUi (jaknilated and 
observed curves. Th(i rc^ader must rememb(u- that tlie value of 
z is multipli(Hl by 2.5 in the (calculations of the osmotic pre^ssure 
(and, ther(‘for(^, any (‘rror in tlui calculaUnJ osmotic prcissurc is 
multii)licd in tlie same way). 

3. The Inflxjentce op the ADDmoNT of Salts 

It was first pointed out by R. S. Lillie that the addition of salt 
to a gelatin solution depresses its osmotic pressure. It should, 
however, be stated that this d(ipressing affect dooH not occur at 
the isoelectric point. When we add different salts to a gedatin 
chloride solution of an initial pH 3.5 containing 1 gm. originally 
isoelectric gelatin in lOO c.c. solution, the depressing effe(;t of the 
salt on osmotic pressure should according to the Dorman e(|ua- 
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tion be due to the anion; and this is the case, as Fig. 46 shows. 
The gelatin chloride solutions were made up in different concen- 
trations of the salts, NaCl, NaNOs, CaCU, and Na 2 S 04 . The 
pH of the mixtures was always 3.5. Collodion bags of a volume 



0 MMMMHMHMMMH 
4096 2046 1024 512 256 128 64 32 16 8 4 

Concentration of salts 

Fig. 46. — Depressing effect of neutral salts on the osmotic pressure of a 1 per cent 
solution of gelatin chloride of pH 3.5. 

of about 50 c.c. were filled with the gelatin chloride-salt mixtures. 
These bags were dipped into beakers containing 350 c.c. of a 
solution of the same inorganic salt of the same concentration 
as that contained in the gelatin solutions, but these outside 
solutions contained no gelatin. The pH of the outside solutions 
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■was made at the beginning 3.0 to accelerate the establishment 
of the equilibrium. The osmotic pressure was read after about 
20 hours. The temperature was (as always in these cases) 
24°C. 

In Fig. 46 the abscissae are the initial concentrations of the salt 
solutions while the ordinates are the osmotic pressures. The Don- 
nan equilibrium caused a change of pH as well as of the dis- 
tribution of the neutral salts on the opposite sides of the 
membrane. The change of pH in this experiment has already 
been discussed in Tables XVIII, XIX, and XX of Chapter 
VIII. Figure 46 shows that the depressing effect of NaCl and 
NaNOs is practically the same, that the depressing effect of an 
equimolecular concentration of CaCU is not very far from twice 
as great as that of NaCl, but that the effect of ]Nra 2 S 04 — where 
the anion is bivalent — is about eight times as great as that of a 
NaCl solution of the same molecular concentration. This leaves 
no doubt that the depressing effect is due to the anion and that 
the cation is seemingly without any influence (it has certainly 
not any influence in the opposite direction from that of the 
anion). This depressing influence of the anion of a neutral salt 
on the osmotic pressure of protein-acid salts can be derived from 
the Donnan equilibrium equation. 

Omitting that share of the osmotic pressure of the solution 
which is due to the protein molecules and ions, the share due to the 
Donnan equilibrium is expressed by the term 

2y + z - 2 V y{y + z) (1) 

Suppose the gelatin be gelatin chloride and the salt added NaCl. 
Then z is the concentration of Cl in combination with gelatin, 
while y is the sum of the concentration of the Cl ions combined 
with the H ions of the free HCl present in the gelatin solution 
and the Cl ions of the NaCl contained in the gelatin solution at 
equilibrium. We can ascertain the total concentration of Cl 
ions inside the gelatin solution, i.e.j the value of y + 2 : in term 
(1) by titration. This term 2y ■+ z — 2^y{y -)- z) will become 
the smaller, the more closely 

2y + z , 

^-Vyiy + z) 


approaches the value 1. 
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It is obvious that if 2 is siiiiill and cotisfaiit, while // inrreases 
inon^ and nioni fthroujili llie addition of NaCll, 2 heroines a 
neglifijibla ([Uantity and I lie term 


2y + 2 

^Vy(n + ~) 


aj)pr<)aclu‘s 


‘i// 

2 V f 


I 


We can measure Uh‘ 1(*nu z] (liivcily hy { if nd tlie 

outside solution for (’1. We eannof dcdruauine 2// 4 r dinaily 
})Ut we can (l(4(‘rinin(‘ // + z by titrating the inside solulicm for 
(4- If both titrations an^ made after eijuilibriuiu is established 
we g(4. th(‘ valu{‘ of 

// 4 

Vn^y 4- "I 

and the variations of this valiu^ witii inere'nsing eoneeiit ration of 
Na(d an^ c.onfaincal in d'libh* XXX\4 It is seen that this value 
is almost I when tin* Na<'l solufiorj is m/42. 

y ^ z 

Now Uh* valuer of / , . floes md ditTer luueh from fhi* 

VI/0/ 4“ 2) 

2 y 4" ^ ... . . 1 j 

value ^ , as long as 1 / iH largfmii eonipariHoii wif ii and 

^Vy(y 4““ z) 

we can say that with z small and constant and // large and inereaH» 
ing rapidly, ilie two valuers 


y +z 
Vyiy + z) 


and 


2|/ + z 
2 \/ ji( y d" z I 


approach the value 1 almost (hut not c|iiitf*) at an ef|uiil riife. 
Hence, it follows from Table XXX V that if the eoneeiitriitiofi of 
NaCl be(a)meB m/32 tlm value 2y 4* z — 2'\/ij(y + z) mmi tie 
nearly zero. In this case thc^ oHinotic*- iirc^ssun* of the I |«‘r cent 
gelatin chloride solution must lat almost Init not ffuite dimii to 
that of the pun! g(datin solution as it is at tla^ isoedeef rie fKiirit. 
The actual otiservations plotted in Fig. 411 show that for m/32 
NaCl or m/32 NaNO^ a 1 per cemt solution of gelatin cdiloriile 
of pH about 3.5 has an osmotic pressure not far from tliai of 

y z 

isoelectric gelatin. If the values of plotted m 


OSMOTIC PRESSURE 


183 


ordinates over the values of the concentration of NaCl it is 
noticed that the two curves are approximMely parallel (Fig. 47). 
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Fig. 47. — Parallelism between depressing action of NaCl in the osmotic 
pressure of a gelatin chloride solution and the curve representing the value 

y +g 

Vl/ (2/ + 2) 


This shows that the Donnan equation actually accounts for the 
depressing effect of neutral salts on the osmotic pressure of a 
gelatin chloride solution. 
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Table XXXV. — Influence of NaCl on Osmotic Pressure of 1 Per 
Cent Gelatin Chloride Solution 


Concentration 
of NaCl 

Inside 

2/4-2 

Outside 
Vy{y 4 - 2 ) 

2/4-2 

V 2/(2/ + 

M/2,048 

566 

200 

2.83 

M/1,024 

633 

267 

2.37 

M/512 

(800 

300 

2.66) 

M/256 

966 

534 

1.81 

M/128 

1,370 

1,000 

1.37 

M/32 

3,800 

3,340 

1.14 

M/16 

6,930 

6,540 

1.06 


4. The Influence of the Concentration of a Protein 
Solution Upon the Osmotic Pressure 

An increase in the concentration of a protein solution at the 
same pH and in the absence of neutral salts should have a 
double effect on the osmotic pressure. It should, first, raise the 
osmotic pressure of the solution on account of the increase in the 
number of protein particles in the solution; and it should, second, 
lead to a further increase in osmotic pressure due to an increase 
in the value oi 2y z — 2x oi 2y + z — 2\/^{y + z)^ for it is 
obvious that as long as y is constant, ^^e., at constant pH of the 
gelatin solution, the value of the term 2y z — 2\/y{y + z) 
will increase with increasing z. The two effects can be separated 
by subtracting the value of the term 2y + z — 2x from the 
observed osmotic pressure. The difference between the two 
values should (within the limits of the accuracy of the experi- 
ments) increase with the concentration of the protein. Both 
expectations are fulfilled. 

Different concentrations of gelatin phosphate from 2 per cent to 
0.5 per cent were prepared, all having a pH of 3.5. The gelatin 
phosphate solutions were put into encollodion flasks of 50 c.c. 
volume, each connected with a glass tube serving as a manometer 
as described, and these flasks were put into beakers containing 
350 c.c. of H 2 O, the pH of which was brought at the beginning of 
the experiment to 3.5 through the addition of H3PO4. When the 
bags containing gelatin phosphate solutions are put into water 
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the latter diffuses rapidly into the gelatin solution thereby 
lowering the concentration of the gelatin solution.. To avoid 
this error so much gelatin phosphate solution was poured into 
each bag and glass tube that at the beginning of the experiment 
the liquid reached already to about that level which from pre- 
ceding experiments we knew the gelatin solution would reach 
in the manometer at the point of osmotic equilibrium. All 
experiments were made in duplicate. In addition to the osmotic 
pressure we measured the pH inside and outside after equilibrium 
was reached. From these latter data the osmotic pressure due 
to the H and H 2 PO 4 ions could be calculated, being equal to 

(2y + ^ — 2 .t) X 2.5 mm. H 2 O 

By deducting this value from the observed osmotic pressure in 
each case it was hoped to obtain a rational value for the share 
of the protein particles in the observed osmotic pressure. Table 
XXXVI gives the results. 

The reader’s attention is called to the last two rows of figures 
(Table XXXVI) giving the difference between the observed and 
the calculated osmotic pressures, since if this difference actually 
represents the osmotic pressure due to the gelatin particles, the 
figures should be in direct proportion to the concentration of the 
gelatin. The experiments were all made in duplicate to give 
some idea of the magnitude of error, and it is obvious that the 
error may be considerable, 25 per cent or more, because the 
errors in the observed and the calculated values are additive. 
Thus the ‘^difference” is for 0.75 per cent solution in one case 92, 
in the other 61, a variation of 50 per cent! If we take this into 
consideration we may conclude that the differences between 
the observed and the calculated osmotic pressures are compatible 
with the idea that the difference is the value for the osmotic 
pressure due to the gelatin particles in solution. 

This would lead us to the conclusion that the osmotic pressure 
due to the gelatin particles in a 1 per cent solution (of originally 
isoelectric gelatin) of gelatin phosphate of pH 3.60 is about 100 
mm. H 2 O. Since the osmotic pressure of one grammolecule is 
about 250,000 mm. H 2 O and since 1 liter of a 1 per cent solution 
of gelatin contains 10 gm. of gelatin, the molecular weight of 
gelatin should be expected to be .in the neighborhood of 25,000. 
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The experimc^nt just (l(‘S(‘.rib(ul for gelatin phosphate was repeated 
for g(‘Iatin chloride^, with similar results. 

According to Dakin's^ recent analyses gelatin contains 1.4 
per c.mi plicmylalanine. Biiuje oiu^ molecule of gelatin cannot 
contain l(‘ss than onc^ mohnnik^ of phenylalanine and sinc(i the 
molcH’ular wcught of this amino-acid is 165 the lowest possible 
w(‘iglit of gelatin is ll,8(X). If a molecule of gelatin contains 
two mol(Hnil(^s of plumylalanine, the molecular weight should l)e 
about 23,()(K). This would l)e approxirnatedy the figure we might 
(^xp(‘<!t from the data r)f Ta})l(^ XXXVI on the assumption that 
thf‘ difT(‘r(m(‘(‘s in last two rows may be considered to be the 
vulu(‘s of th(‘ osmotic pn'ssun^ of th(‘ probun particles. 


XXXVII.* iNFIUfOXCK OK ('()N(U'JNTHATI(>N OK AliUIMIN (JlILOltn)!!) 
OK pH OF About S.4 on Tiin Osmotk! Pufhsuuf 



( ’onccntratiori of (‘gg albunun in por (umt 


4 

3 

2 

1 

hi 

K 

pH inHifli* at <'nuilibrium 


3. ;i2 

3.. 38 

,3.40 

3.40 

3. 40 

pil at (•<iuilihriurn 

! 2. OH 

2.97 

3.07 

3. 14 

3. 19 

3. 24 


4 o. 7 

47.9 

41,7 

39. 8 

39. 8 

39. 8 

X ('h outnidc X 

001.7 

107.2 

85. 1 

72.4 

(54. 5 

57. 5 

(x 1- i/f(x 'in 

101. () 

192.0 

132. 0 

92.0 

04 . 0 

43.3 

1/ 







2y f 2 Ux 

7(5. 0 

71 . 0 

45. 0 

27.0 

15. 0 

8.0 

Obwrv«*d fwtuoftr pr«'MM\ji,r<’ 

,770. 0 

5.05.0 

375. 0 

103.0 



75.0 

30. 0 

C?airyiiit<-d (wmotir pr<*HMur<‘ (iKnorniK al- 

1 






liuiuini 

j 100.0 

1K5.0 

113.0 

07.0 

39.0 

20. 0 

(untuoilf pnwyirc flur to albinoin) 

1 

'.wo. 0 

370.0 1 

! 

202. 0 

90.0 

30.0 

10.0 


A similar (^xpeubmuit was made with dilTc^rent con<;(uitrations of 
solutions of tiH‘ chloride of crystalline egg albunun. The original 
pl l of tlic‘ albumin c^hloride solution was 3.5 and that of the outside 
solution 3,0. Afb*r (ujuilihritim was (‘st.ablish(Ml the pH both 
inside* and outside* was slightly changed as is shown in Table 
XXX VI I. Hlie* osmotic pr{*.ssur(^s for 0.25 to 4 per cent solutions 
» Dakix, H. I)., ./, Bml. (Stem., vol. 44, p. 409, 1920, 
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of albumin chloride were measured and calculated for 2y z — 2x. 
The difference, which should be the osmotic pressure of the albu- 
min particles in solution, is found in the last row. It is almost 
identical with the difference found for gelatin chloride for the 
same concentration of gelatin. 

We therefore come to the conclusion that the Donnan equilib- 
rium theory allows us to explain and to derive mathematically 
the influence of pH, of valency of ions, of concentration of neutral 
salt, and of concentration of protein on the osmotic pressure; 
and that the values calculated for the osmotic pressure on the 
basis of this theory agree within the limits of the accuracy of the 
experiments with those actually observed, though the accuracy 
of the experiments is considerably less than in the case of the 
P.D. measurements. 


(CHAPTER XI 


SWELLING 

Procter (1914) jukI Proct.(‘r and Wilson (1916) applied 
Donnan’s ecpiilihrium th(K)ry to the explanation of tlie sw(41inj»; 
of g(4atin in acid. According to tli(5S(i authors, the forcic' whi(di 
causers th(‘ (‘iitraiHje of wat(n- and hence tlui inen^ase^ of volume in 
a solid block of g(4atin in acid is osmotic^, and tlu^ opposing forc(5 
which limits th(‘ s\v{‘lling is tlu^ for(*(^ of coh(‘sion ))(d;We(‘n the 
gelatin rnoI(‘cul(*s or ions constituting the franHWork inside of 
whi(4i th(‘ water is o<‘clu(l(‘d. Tlu^sc^ coh(‘siv(i for(U‘s th(vrel)y play 
th(‘ Kam(‘ rol(‘ in th(‘ swelling equilibrium as do(^s the hydrostatic 
pn^ssurc^ on th{‘ m(‘ml)ran(‘ in th(^ (‘xperinumts on osmotic pressure. 

''Flu^ protein ions (Huist ituting a j(41y of g(4atin (‘iilorido cannot 
ditTiisf* a, ml hc‘nc(‘, ac(‘ording to Proct(u* n,nd Wilson, can exercise 
no m(‘aHurabI(‘ osmotic! pre^ssure^ while thc! chlorine anions in 
comlninit ion with thenn arc! rc'taincal in thc! jc41y l)y the elcaitro- 
static attraction of th(‘ gelatin ion but (‘Xcu’t osmotic prc^ssurc. 
This difTc*n*nce in th(‘ diffusibility of the two opposite ions of the 
gelatin cldoridc' giv(\s rise to th(‘ condition heading to thci (‘staldish- 
inent of Dorman’s mcanbranc! (^((uilibrium. It is immaterial 
for this ecpiilibrium whc‘thc‘r thc! diffusion of dissolved protein 
ions is pn*vcuitc‘d by a, collodion meunbrane, or whchdu^r it is pre- 
v(mtc‘d by th(‘ forceps of c^ohession b(‘t\v<Hm the gc'latin ions of a 
solid gel. If X b(! th(‘ concemtration of thc! 11 and ( ’1 ions in the 
outside* solution, y the* concemtration of the frcM* H and (d ions in 
tlie solid gel, and z the* corH*(*ntration of (d ions in (jombination 
with gelatin, Hut Donmin (‘Cjuilibrium is c!Xj)r(iss(!d by the ecpiation 

X- //( // b z ) 

and the* osmotic force* c for the* a!)Sorption of water by the gel is 
c' 2// d z 2.r 

Idle readc*r will notice* that this is the* formula, a.ppli(*d la,t(‘r by 
tin* wrilc‘r to osmotic* pn*ssurc*. 

ISO 
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J. A. and W. H. Wilsoid I^roctc^r’s line of rensc niini^ 

further and deriv(‘<l tin* followin^i; formula by purely inallH‘- 
niatical naisoning from lhf‘ assumjdion lha! in eoinbines 

ehcunieally with liydroehlorie acid to form a highly ionizaf^le 
f>;(datin dilorichu’ 

V(K + !i)(('V + - '/ - 0 

where V is tla^ iner(‘asc‘ in volunn^ in eul)ie e(*nt iim‘ters (d run* 
milli(uiuival(ad. wcu'^ht. of ^(‘latiip (’ is I hc‘ eonsfaitt c-orn’spondin^ 
to th(^ modulus of (‘lasti(*ity of th(‘ ^(‘latin, and K is a etmsfani 
defuuHl by t-hc^ (a{ nation 

[^(‘latinl jH*| - A'l^cdatin ionj 

(livcm t.h(^ eonstanis, it is obviously possibh* to ealeulafe itll lh»‘ 
variables of tlut (^(juililirium, 

Pro(‘t(U‘ and Wilson found the valrn* K DdHfOIo by means 
of the hydrogcui eh»(‘irod(^ on gelatin solutions amd the viiltie (* 
= 0.0003 at IS^(b from (‘XjKuanumts ()n tin* swtdling of gf*!atin 
jellies. From Proeter’s data on gcdatin, Wilson” iaihmlated TibS 
as its ecpiivakmt weight. Using th(‘se (‘(Uistants, Wilson ami 
Wilson calculated the variabk^s F, //, and z for (aanpiirismi witli 
the data obtairn'd (‘xperinumtally by Pnaier. The ealmlatr^d 
and observed results are shown in Table XXXVII! and it will 
be seen that the agre(*m(‘nt is absolu!c% witljin the limit h of 
Procter's experinumtal (‘rror. This is shcavn evtm iiH»re .Hlrik- 
ingly when tlie value's an* plottcab Procter and Wilson ri'gard 
this as estal)lishing th<‘ir th(*ory eptantitativedy. 

The relation of V t.o c is gove*rnf‘d by Hoc^kels law, ni ttriHiit 
sic vis, and since e repre^sf'nts a pre.sstirf* c*qual in all direct ions, 
the result is a pull upon th(^ jelly ecpial in caich diiiieiiKifiiL Thi* 
quantitative expnmsion is 

^ = CV 

where the constant C is det{*nniiH‘d by the lailk nioiIuliiH of the 
gelatin. 

1 Wn.BON, J. A., and WmsoN’, \V, H., J. Am. Ohrm. Hm\, v«iL lU, p, HHU, 
1918. 

^Wilson, J. A., J. Am. Leather ('hem. Anm., voL 12, p. iOH, 1!I17, 
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TahU') XXXVIlli 

u 


I^alculatecl 

< niH(*rv<‘«l 

C 'ulculaiotl 

j OI)H<*rv(‘(I 

j Calculatod 

ObHorvotl 

43 . 2 

4 1 . 2 

0.0005 

0. 0005 

O.OIS 

0.017 

40. 8 

4i.r» 

0.002 

0.002 

0.022 

0.018 

40. 2 

40. I 

0. 002 

0.002 

0. 023 

0.020 

37. ,5 


; 0.005 

0.000 

0.02(5 

0.021 

37. 3 

30. 7 

: 0. 005 

0.000 

0.020 

0.021 

34 . r> 

31.1 

0. OOH 

0.009 

0. 028 

0. 028 

34. 3 

37.0 

O.OOH 

1 0.009 

i 0,028 

0. 022 

26. T 

2H.0 

0.020 

0,0.30 

0.037 

0.031 

26. 4 

23.4 

0.027 

0. 030 

0.038 

0,0.38 

24. O 

; 20. 1 ^ 

0.041 

0.043 

0.041 

0.030 

23. O 

21.4 

0.040 

! 0.0.30 

0.043 

0,045 

22. 8 

22. 4 ! 

0.050 

0. 053 

0.044 

0.039 

20. 7 

17.7 ' 

0.072 

‘ 0. 072 

0. 049 

0. 054 

20. /> 

20. 3 

0. 073 

0.072 

0. 049 

0.049 

19. S 

22.9 

0,OH3 

O.OHf) 

0.051 

0. 043 

18. O 

IS. 7 1 

0.005 

0.000 

0. 053 

0.058 

17. O 

1H.4 ! 

0. I IS 

0. US 

0. 050 

0. 055 

17. 9 

IS. 6 

0. IIS 

0. IIS 

0. 050 

0.054 

17. 1 

IS.O : 

0. Ml 

0. 1.3S 

0. 059 

0.002 

16. 3 

ir,.s 

0. 104 

0. 101 

0. 001 

0. 008 

16. 2 

17.4 

0. 100 

0, 105 

0, 001 

0.000 

16. 2 

17.0 

0. 107 

0. 104 

0.001 

0.002 

valiK^H a-r-rr 1 

from P 

lUKTHit, II. H... •/. Chrm. 1 

W,, vnl. 105, 

p. 313. 1914. 

1 valu<^ for 1 

Kivcn in ( hiH taldo iH the 

inen^aw in voluiru* in fnibio centiiiu'tors 

of 

for x 

, and .r nr< 

■ KivMi in inoloH pcir Ht(^r. 



• and 'Wilnon th<‘n on IIk^ basis of ihoDonrian 

why t^bie of e, and ( lifn-nfon^ also F, should follow 

')f the y>5Xi*t irular lyjH* it do(*s. By j)ropf*r su))stitution 
therixiocly ruiniir and osmotic* (‘cjuatious it follows tliat: 
r -~2x. + V'li" + 

oncen'fcrixhioii of arid is inrrrascai from y.oro to Komo small, but 
le, z muHt iic!rcssarily inrrrasr at a vcxy inurh greater rate than 
.8 showrx V€!ry markedly in the most dilute solutions, whcjre 
the acid xidded roinhines with t he*, gedatin: l)iit z has a limiting 
ich is cl€it;c;rmin<»d by the* tolul ca)nc!entration of gelatin with 
started. r\’<iw z niicst elthc*r apf^roarh this limiting value or 
which it would df» if the* ionization of the gelatin chloride were 
y represBeci. In cdther rase*: 
limit 

.X 


\/ 4.r^ — - \/ 4;c*; 
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from which it follows tluit: 

c - “~ 2.r 2.n 0 

X 03 

It is clear from this that, as x incr(‘us<*s from ziero, e must inm‘aso a 
maximum and then decreases, approaching X(‘ro asymptot icaily, r<*|i:ard”' 
less of whether or not the ionization of the ^^(thitin salt is appreciafdy 
repressed.’’^ 

As far as the depressing acd ion of salt on swcdling is eomau’nfai, 
Procter and Wilson do not acc(‘pt th(‘ ideal that it is dia^ to tho 
repression of ionization. 

^‘Whilst the salt undoubtedly repressers tlur ionisation of the gelatin 
chloride to soiikj <ixt(mt, it would scarcely 1 h‘ .sulhcifuit to aceourd 
for the faijt that salt n‘<Iu(t(\s th(‘ voluna* of j(*lly almost to that of dry 
gelatin. The chief aidion is ja-ohaljly that the addition of salt corns 
H{>oiids with an increase in the valu(^ of x, ami that this incn‘asc in x 
must, according to the equation just discus.sc‘d, producer a de('n‘as(‘ in 
the value of c, with a corresponding diminution of thet vedume of the 
jelly.”i 

There can be little doubt that th(^ osmotic theory of Ih’octer 
and Wilson accounts (piantitativcdy for thc‘ jirocess (T swfdling; 
no other theory has thus far beem ofT(‘r(‘d which (*an claim the 
same result. 

The force which opposes and limits flu* swelling is tin* co!u‘Hion 
between the molecules or ions constituting thcr Wlum Ifii.s 
force is diminished the swidling should in(rn*usc‘. and 

Wilson have pointed out that this is th<* caw* since tin* swidling 
of gelatin increas(^s when th{‘ gel is h(rat(*d.“ 

The forces of cohesion d(*pend not only on tmnpm’ature but 
also on chemical constitution, d'hey ur<‘ foreexs of the* sarnc* kind 
as the forces determining solution; and it is well known that, 
the substitution of Na for H in ohde acid incrc»a.sf*s tlie solubility 
of the substance in water, and that the substif ution of K for Ka 
increases the solulnlity still mon*. W(‘ might a 'priori expect t hat 
the forces of cohesion in a solid jelly of gedatin would alsoehange 
considerably with the nature of the ion in coml)iriatic>n with 

1 Procter, H. II., and Wilson, J. A., ,/. Chem, Soc,, vol. HKI, p. 317, IlHO. 

* Procter, H. R., and Wilson, J. A., J. Cheno Hoc., vol. 100, p. 315, HHIl 
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the gelatin. This is, how(‘V(‘r, as a rule, net t-h(‘ (^as(\ Only 
th(‘ vaI(nK‘3" but not th(‘ nature^ of the ion in (toinhination witli 
gcTitin influenec^s th(‘ swelling of g(^lat/i^. Thus, a.t. th(^ sanu^ 
tiuniKU'ature, at th(‘ sarnc^ pM, and the sarnc^ eoiUHUitration 
of originally iso(‘I(‘etri(^ geTitin, th(^ swelling of gelatin ehloridc*, 
nitrate, triehlorae(‘tat(% oxalat(‘, tartrates, phosplia(.(^, (u’t,ra,t.(‘, 
etc., is ap|)roxiinat(dy the sanu*, wliile that of g(dat.in sulphat,(^ is 
eonsichuiihly lowcu*. Thc^ sw(‘Iling of Li, Na, K, arid NH4 
gelat.inatc^ is also practically tin? same at the sanH‘ pH and th(^ 
sanu^ (!onc(‘ntrat ion of originally iso(de(d/ric gedatin, hut. the 
HW(‘]Iing of Mg, (h, and Ba gedatinate is eonsid(u-ahly l(%ss (wie 
(diap. V). 

It was shown in (diap. V tha-t th(‘ same valency cdTecd. which 
(exists in n‘gard to osmot ic pnsssure exist, s also in n'gard t,o sw(dl-> 
ing, and th(‘ th(‘or(‘ti(*al dis(*ussion givcui in t,h(i preu^eding 
cha.pt(‘r for this vahuicy (dlVct in the c.a,s(‘ of osmotic pressuni 
cov(‘rs also th(‘ similar effect in th(‘ (ais(‘ of swcdling. 

In the (tase of (tasidn-acid salts, whirdi are h^ss soluble than 
gelatin-acid salts, th(‘ natur(‘ of th(i anion is not wit.hout, influ(uic.e 
on tlu^ (!olu\siv(‘ for(!(^s. Thus (^as(dn tri(dilora(‘(d,at(‘ is i)rac.tica,lly 
as insoluhh^ as ca,s(dn sul[)hat(^, and n(‘ith(U’ of t.h(‘ t,wo sa,!ts is 
cajiahlf* of swidling; whih* th(‘ rnor(‘ soluble ca,S(dn chlorides and 
cas(dn phosjihatc^ ar(‘ capable of swcdling. In th(‘ lat.Uu' c.as(^ tlu^ 
vahuicy rulf? also holds sinc<‘ tlu^ d(*gr{U‘ of sw<dling is pra(‘tically 
the Sana* for cas(dn phosphate* and casedn chloride*, a,t t.he* samei 
pH t e*rnp(U’ai.ur(* anel conce‘ntra,tion eif eiriginally ise)e*leud,rie*, 
case‘in.^ The* vah‘ncy rule* heilds whe‘re*veu’ colleiietad bedia.vior is 
(!one*c*rned, since* (*olle>idal be*havie>r is emly t.he* ce)nseiejue*ne*e* eif the* 
Donnan (*C|uiIibrium and the* e*e|uilibrium eKputtion is only cam- 
e*.e*rneul witli the* sign ajid vale‘ney eif the* ion. Thet pred)le*ms eif 
Holuliility and of e*olie*.sieui ha ve eirdy an indire‘ed. eainne'e^t.iem with 
eailloidal he^havior, anel the* fae*! t hat sedubiliiy anel e^ohe*sie)n ele*p<‘nd 
upon the* H|)e‘citic nat ure* of the* iein fin adelitiem tei its sign ed cluirge^ 
and vah‘ncyj is not in conflict with the otlie*r fact tdiat in the* truly 
{‘olleiidal |>hc*nonH*na only the? sign of charge? and val<‘ncy of a.n 
ion are* {!onc‘c*rn(*(L 

At tlie* isoe*Ie*ctnc point ge*latin is pra.ctically ned. ioni%e*d a,n(l 
tlie*re (»an the*re‘fore* be* no Donnan e*(pulibriuni. Yet- when dry 

^ Lokb, J., aiai Lokb, ii. F., ./. Gm. Phyniol.^ ve>l. 4, p. 187, 1921 22, 
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grains of isolectric gelatin are put into water of pH 4.7, a consid- 
erable swelling occurs. The swelling must be determined by- 
forces different from those set up by the Donnan equilibrium. 
In the first place, there are those forces of chemical attraction 
between the molecules of water and certain of the groups of the 
gelatin molecule which cause the solution of gelatin in water when 
the forces of cohesion between the gelatin molecules forming the 
gel can be overcome. The absorption of water by dry grains of 
isoelectric gelatin at pH 4.7 is, therefore, primarily but in all 
probability not exclusively due to the residual valency forces, and 
the swelling of solid isoelectric gelatin granules is primarily a 
phenomenon of solid solution. 


CHAPTER XII 


VISCOSITY^ 

1. We have seen in Cha.ps. V and VI tliat ilie infliu^nec* of 
electrolytes on tln^ viscosity of the solut-ions of C(‘rta.in f)ro(c‘ins, 
e.f/., |>;(‘latin or casein, is similar to t.h(‘ influence of (‘l(‘c.t,rolyt(‘s 
on osmotic pressure, s\V(‘lling, and potent.ia,! (liff(U‘(m(»<*s. 
(‘xplanation ^ivcui for tlH‘ influ(*n(*(‘ of (‘i(‘ctrolyt(‘H on Hie last 
nauKul properties was bas(‘(l on Uh‘ th(‘ory of Donnaids nKunhraru^ 
(‘({uilibirum. ''Phis theory can only b(‘ appli<‘<l wh(‘r(‘ Hn^ diffusion 
of om type of ions is pnwemte^d, whiles no such l)Io(dc (‘xists for 
othfu* ions. In tlui expeu’iirHuits on osmotic prc'ssuret or IM). of 
protein solutions the* collodion membrane* pen-mits the; diffusion of 
crystallehelal ions wiiilc* pr<‘V(*nting the* (liffusie)n eif the* pre)t(‘in 
ions; and in tin* case* e)f the* solid ge*! the* |)re)te*in ie>ns are prewemte^l 
by the fore!e*s ejf e*e)!ie‘sie)n fre)in diffusing inte) the surrouneling solu- 
tie)n fre*e^ from pre)t.e*in. But this raise‘s the* probh'in e)f he)W the^ 
r)e)nnan (K|uilibrium e*a.n be* appli(*d to t.he* viseH)sity of pre)t(*in 
sedutiems. We int(‘nd to she)w that the* a.nswer li(*s in tbe^ faed, t hat 
althe>ugh prote‘in solut ions may be* and pre>ba))ly are*a>s a rule* true* 
sedutions, (consisting of isohite’d prot<*in ions a,nd mole‘ende‘H dis- 
trit>ute‘el (‘ffually through the* wat<‘r, the*y e*ontain unde*r ece‘rtain 
conelitions submicroscopic sedid particle*sof j)rote*im We* shall se*e* 
that thee visecosity e)f pr(de‘in solutions is only influe*ncc‘d in the* 
same way l)y e*le‘e*trolyte*s as is the* osmot ic pre*Hsur(*, vvdH*n su(*h 
sedid prote‘in particle's are* i)re*se*fit in econsi<l<‘rable* numbe‘rs. If 
the‘y arc* absent, or if th(*y are* scarce*, e*le*(*t redyte'S will ned, infiu- 
enecc* thee visccosity of prote‘in solutions in the* same* way a,s e*le*e‘tro- 
lyte*H influemcce* the* e)smotic precssure* or t.he P.I). of |)rotc*in sedu- 
tions. In thee following discnission we shall im^asurc* Hu* viscosity 
of protean sedutions l>y the time* of outflow througli a capillary 
tube*, as de»scrih(‘(I l)y Ostwald, anei the (juoti(*nt ed' this time* ove*r 
the* time of outflow of puree wateu* through the* samec viHcome*te*r at 
* Lokh, J., ./. (Ini, Phijsiol., voL S, p. 827, 102U 21; vol. 4, pp. TU, 97, 
1921 “22. Lokb, J., and luiKU, It. ve>L4,p, 187, 1921 “22. 
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t-lu^ sain(‘ t.(‘inpora.i.ur(' will n‘lVrr(‘(l to as tla‘ n^lalivo visrosity 
or as tli(" viscosity ra.Iio of tin* |>rot(an solution. 'This method (jf 
rnoasurinj*; Uk^ r(‘la,tiv(‘ viscosity will r(‘(}uirc iinpn^vonicnt hut it 
suffi(i0s for an approximate^ test of tlu* validity the* the^ory. 

Einstoird ha,s (l(‘V(‘lop(‘d a, th(‘ory of the* viscosity of solutions 
which makers the^ viscosity a litieair fun(‘tion of the* n‘lative volume* 
occupied by 1h<^ solute*, in the* solutie>n 

1) — T]o(I d" 2j)<p) (1) 

whore rjo is the^ vis(*osity of the* water ai the* tc*nipf*rat ure* of tlie* 
oxp(*rim(uit, 77 the* vise*e)sity e)f the* solutiem, and v'' the* fraction of 
the* volume* e>e*cupie*el by the solute* in the* ve)Iume‘ eef the* sedufiem. 
As Einst.(*in })oints out, this formula can ordy he* us(‘d when 
vewy small a,nel wh(*n tin* parti(;le*s of the* sohde* are* sj)lH‘neaI and 
lar^o in ce)mparise>n with the* mol{‘e'ule‘S of the* se}Ive*nt. dluH 
eiondition is no longew fulfill(‘(l in prot(‘in sedutiorjs whe‘n fhe? 
re'Iatives volume occupied by the protein in the solution bc*come»H 
too larfi:(u 

Sewe^ral authors have tried to morlify p;inste*in’s fonnula in 
order to makci it applieuible to highe*r (‘onee»nt rafieui.s (»f |)redein 
solutions. Hats(*iiie*k- propose‘d to replae*e* the* constant e»f 
Einsteirds formula by the* constant 4.5, l>ut his elealue’tions Itave* 
been (Titicased both by Smolue*lu)wski-'’ and ley Arrh<*niiisd 
Arrhenius has shown that a le)garithmi{* formula, whie*h he* eie*rive*s 
very ingeniously from Einst(‘in’s fe)nnula, fits the* ae'tual ohse‘rva“ 
tions in a satisfactory way, this formula lH*ing 

log 7) — log rjn - §ip ( 2 ) 

where (p is again the fraedion of vr>iurnf* 0(*e*upied by the* protean 
in solution, a (•,onstant, while* 77 anel 7}u have* the same* signific*ancc* 
as in Einsteun’s eepiation. VVe^ shall make* use* eif Arrhenius’s 
equation (2) when we are dealing wit li higlH‘r viscewities. 

Both the formuhe of Einstean and of Arrlie‘iiiiis iniike* the 
viscosity a function of the relative volume* oc*c*upied liy the* solute 

1 Einstein, A., ylrm. ve»L 19, p. 2Klt HKH>: voL 31, p. 501, 191 L 

* Hatsciikk, E., Koll(ntl-Z,j ve>I. 11, p. 2H0, HU 2. 

^ Smoluchowski, M., KolUntFZ., vii\, IH, p. 190, HUH 

^Arkheniub, H., M eddularulen Ah lOdtunkupMakiulrmirrm Ntflwlirmlilutf 
voL 3, No. 21, 1917. 
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in the solution, and it must be our tavsk to correlate the influence 
of electrolytes on viscosity with corresponding variations of the 
volume of the protein in solution. 

The question then arises, How can the same mass of protein 
particles in solution change its relative volume under the influ- 
ence of electrolytes? This is only possible if the relative volume 
occupied by the protein in the solution is increased by water 
shifting from solvent to solute. We, therefore, have to find out 
whether or not a shifting of water from the solvent to the solute 
is possible, so that the volume of the solvent is diminished and 
that of the solute increased. It is generally assumed that the 
mechanism for such a transfer of water from solvent to solute is 
explained by Pauli’s hydration theory which has been repeatedly 
referred to in this volume. Pauli suggested that the ionized 
molecule of protein is surrounded by a shell of water which is 
lacking in the non-ionized molecule. When protein is ionized, 
i.e., by the addition of acid or alkali to isoelectric protein, a shell 
of water is formed around each individual protein ion. On this 
basis we can understand why the viscosity of a solution of iso- 
electric protein should increase with the addition of acid or 
alkali. The work of Lorenz, Born, and others, however, casts a 
doubt on the assumption of a general hydration of polyatomic 
ions. There are still other facts which show that the mere 
ionization and consequent hydration of the individual protein ions 
cannot well be the cause of the influence of the pH on the relative 
viscosity of gelatin solutions. 

Gelatin solutions show the characteristic influence of the pH 
on their viscosity, as is demonstrated in Fig. 48. The viscosity 
of gelatin solutions behaves qualitatively as we might expect on 
the basis of Pauli’s hydration theory. Yet, if hydration of the 
individual protein ions were the cause of the variation of the 
viscosity of gelatin solutions, a variation of the hydrogen ion 
concentration should have a similar influence on the viscosity 
of solutions of simple amino-acids, like glycocoll and alanine, to 
that which it has on the viscosity of gelatin solutions. Five 
per cent solutions of glycocoll and alanine were brought to differ- 
ent pH, from 5.0 to 2.0 and below, by the addition of HCl. 
Miss Brakeley found, in the writer’s laboratory, that the variation 
of the pH of 5 per cent solutions of these two amino-acids between 
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the limits of 5.0 and 1.16 had no measurable influence on the 
viscosity of the solution. G. Hedestrand^ found in Euler^s 
laboratory a slight variation in the viscosity of 2 N glycocoll 
solutions upon the addition of acid or alkali; the minimum was 
found at pH 6.4 where the viscosity was about 1.36, while at 



pH 1.4 1j6 L8 2.0 az 2.4 23 3.0 3.2 34 3.6 3.8 40 4.2 44 46 ' 


Fig. 48. — Influence of pH on viscosity of freshly prepared gelatin chloride 

solutions. 

pH 3.0 it was 1.38. This is an influence of pH of a much lower 
order of magnitude than the one found in the case of gelatin solu- 
tions or casein solutions. These results cast a serious doubt on 
the assumption that the variations in the curve of the viscosity 
of gelatin, as expressed in Fig. 48, were caused by variations in 
the hydration of the individual gelatin ions. 

This doubt was increased by experiments on the influence of pH 
on the viscosity of crystalline egg albumin which indicated only a 
slight, almost negligible influence of the pH on the viscosity. Fig- 
ure 49 gives such an experiment with 3 per cent originally iso- 
electric albumin brought to different pH through the addition 
of HCl. The ordinates are the viscosity ratios of albumin solu- 
tion over water, drawn on a larger scale than those in Fig. 48, and 
the abscissae are the pH of the solution. It is obvious that if com- 
pared with the gelatin curves the pH has only a very slight 
^ Hedestrand G., Arkiv Kemi, Min, och GeoL, vol. 8, p. 1, 1921. 
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influence on the viscosity of solutions of crystalline egg albumin 
between pH 4.6 and pH 1,0. With a further lowering of pH the 
viscosity suddenly rises, a fact to which we shall return later. 

The method of the experiments was as follows: 50-c.c. samples 
of a 6 per cent solution of isoelectric crystalline egg albumin were 
mixed with 50 c.c. of HCl solutions of different concentrations 
and the pH measured. The solutions were rapidly brought to a 
temperature of 24°C. and the viscosity was measured immediately 
at that temperature. 



pH 0.8 1.0 12 1.4 16 IjQ Z.Q 21 24 26 28 3.0 3.2 3.4 86 3.8 40 42 44 


Fig. 49. — Showing that solutions of crystalline egg albumin have a low vis- 
cosity in comparison with gelatin solutions, and that the pH has little influence 
on the viscosity of solutions of crystalline egg albumin at pH over 1.0 and at 
ordinary temperature. 


The question then arises, Why do amino-acids and at least one 
protein, namely crystalline egg albumin, behave so differently 
from gelatin in regard to the influence of the pH on the viscosity 
of their solutions? As long as we assume that the influence of 
the hydrogen ion concentration on the viscosity of gelatin-acid 
salt solution is due to the hydration of the individual protein 
ions this difference is incomprehensible, since the amino-acids 
as well as crystalline egg albumin should in this case show the 
same influence of ionization on viscosity as the gelatin. 

The puzzle becomes still greater if we take into consideration 
the fact that the osmotic pressure of solutions of crystalline egg 
albumin is affected in the same way by the hydrogen ion con- 
centration as is the osmotic pressure of gelatin solutions (Chap. 
V). Why then do these two proteins behave so differently as 
regards the influence of the pH on their viscosity? 

We get an answer to this question by comparing the order of 
magnitude of the viscosity of solutions of crystalline egg albumin 
and of gelatin. The viscosity of solutions of crystalline egg 
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albumin ban a- roinparativt^ly l<»w cn'ciur of iiiai!'iiit inii' if 
comparod with tla^ visrosity of sohilions gotafin of ihi' fatiiii* 
conc.cmirat ion of prottmi and tin* Haim* pH. 1 !m* vi>«*o;iiv of 
solutions of rryslallino ogg allanuin of pH ."ol, Uj\, iirar t!i«‘ 
iso(d(‘(*tri(* point) of roiuMaitrali^^ns frmn i to II |H‘r oont. was 
inoasunal at (Fig. .aO). ddio vis<‘osiiy is n«»t only low but is 

also pni<‘ti(‘ally a lincair funrlion of tla* (amoonlration. Figurr .1! 
gives tli(‘ visrosity of difTenuP (anirent rat ions of soIuii«>iis of 
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near I lie 


isocdeetric gcdalin at dilTorcmt tf*mpc‘ra(un%s. 'Fhe stduti<ais 
wen^ prepared from tlie same stork solutiem of isoeler'trir geialiii 
and were rapidly heated to dr/'C and ra|a«Uy eooled the di^Hired 
temperatunt and tlum the time of onifiow in an Osfwald visro- 
meier was rneasunal. 'Tius was done* to avoid lhf‘ ineri%nse in 
viscosity whieli oeeurson standing and which isesporially iioticf*" 
able in th(^ case* of solutions of iscreleetrir gelatin. For tlie sake of 
conformity the sanu^ proecalun^ was bdicnved in the ease of solu- 
tions of (‘rystalline (^gg albumin. It is rrbvious that where the |ii! 
infiiumees Hh‘ viseosity in tin* same sense* as tlieosniotir pressure, 
e.g,f in th(‘ ease of gfdatin solutiorfs, the vise(f.sity is cif a iiiiieli 
high<‘r onk‘r (if magnitinh* than wh(‘n* tin* pi I has lar siieli 
cnee on viscosity as is ihv. caise in Holutj'ons of erysliilliiif* I'gg 
alliunun. 

It now remains to show that this dilT(*renee in the order of 
magnitude of the viseosity of tlu‘ two solutions is eoiineeted with 
the ndative volume oceupied by the profidn in Holutioii. The 
low order of magnitude of the viscosity of solutions of erystidline 
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albumin suggests a small relative volume; and if this be true 
blio viscosity of solutions of crystalline egg albumin should obey 
tlio Einstein formula; while the high order of magnitude of 
VI cosity of the solutions of gelatin suggests that a larger volume is 



0 0Z5 0.5 1.0 15 ZO e.5 3.0 3.5 4.0 

Concentration gelatin in per cent 

Fifj. <fjl . — Influence of oonccntnition on the viscosity of solutions of isoelectric 

gelatin. 

}c.c 5 ixpied by the gelatin particles in solution and hence the con- 
itaiil 3 2.5 of Einstein’s formula should be found too small; in other 
yordls, the Einstein formula should be replaced by some other 
‘or na Ilia, e.g., that of Arrhenius. 

ICixistein’s formula is ™ = 1 + 2.5<^, where (p is the relative 

Vo 

7 ? ® 

'olixme occupied by the protein in the solution, and — is the 
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deriHity of albumin on the* baniK of Miiwfoin'H formula, wo obtain 
valuoH which differ only inside the limits of nceiitwy frmiithe 
value L.'di obtained by direct, determination, 'rhe lime of 
outflow of W!0.er throuKh tla; viscoim-lc-r was in this ease 227 
seconds at ir)®(’. riuise* measurements show that the low order 
of magnitude of the viscosity of solutions of cryslalliiif* egg 
albumin is accoiriptmied by a volume of albumin sufficient Iv l(»w 
to permit the application of Elnatein’.H formula, witli the constant 
2.5. 

When we try to apply Einstein’s formtila in the same way to 
the viscosity measurements of isoelectric gelatin solutions we 'find 
that the relative volume of gelatin in th«> solution and its density 
calculated on the fiasis of the constant 2.,5 lead to imfmssifiJe 

results. ■■ Thus the density of gcflatin is probably not very differ- 
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(‘lit from that of cgs an)umin, i,e., in the neighl)orhood of 1.4. 

valuoH calculat(Hi in Table XL with EinBtoi^^s viscosity con- 
stant 2.5 are from 20 to 40 times too low. Hence, tlie relative 


Table XL 


( ’(mwntration 


( lakuilatcid 

(lakuilate.d 

of 

i - 1 

volume*, of 

(lensit/y of 

gelatin, 
per e(‘nt. 

’ at 35" 

gelatin, c.uhic 
ceutirneUirH 

g(4atiri 

0.5 

0. 170 

O.S 

0.077 

1.0 ; 

0.105 

10.2 

0.00 

1 . 5 

0.725 

20.0 

0.05 

2.0 

1 . 020 

40. S 

0 . 05 

2.5 

1 . 405 

50.2 

0.045 

2.0 

1 2 . 012 

HI. 7 

0.037 

5 . 5 I 

2.500 

102.4 

0.034 


volume of gelatin in tlu^se solutions is far beyond the limit inside 
which the formula of Einstein is applicable. The formula of 
Arrlumius (2) l(‘a(ls to a fair agrcHnnent. According to this 
formula tlu^ logarithms of the viscosity ratio when plottcid 
ov(U’ th(^ (a)nc(mtration of the g(datin should give a straight line. 
'rh(^ agreement of th(^ vaIu(^s for 45 and 35° with this theory is 
satisfac.tory ((tonsid(^ring ihn limits of a(*.curacy of th(^, mcasurc- 
memts) thci logarithms of t-he visc.osii.y increasing practically in 
direc.t {>ro[)ortion with th(i concentration (Lc., the relative 
volume) of th(^ gedatin in the solution (Tabki XLI). At h()° 
the agnjcrrumt is not <iuit(i so good but still recognizable. At 
25°(b, however, it is satisfactory only at the lowest concentra- 
tions, but at th(i higluu* concentrations iho viscosity grows more 
rapidly than th(* (concentration. The reason for this is, however, 
obvious, since* at this tcunperature the gelatin solution solidifies 
HO rapidly that thc^ viscjosity measuniiiHUits wc^ni no longer 
fK>HHil)l<! for a conctmtration of 3.5 p(*r cent gedatin solution, and 
for this reason th(^ vahnt of the viscosity of a 3 or a 2 per cent 
solution is alr(*ady too high on ac(X)unt of the rnecdianical hin- 
drance of the flow of thc^ solution through the viscouujtcr owing to 
partial solidification. 
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Table XLI 


Concentration of 
solution of iso- 
electric gelatin, 
per cent 

log^ 

60° 

45° 

35° 

25° 

0.25 

0.0236 

0.0306 

0.0269 

0.0374 

0.5 

0.0504 

0.0682 

0.0682 

0.0792 

1.0 

0.0930 

0.1350 

0.1475 

0.1685 

1.5 

0.1656 

0.2135 

0.2367 

0.2765 

2.0 

0.2350 

0.2796 

0.3057 

0.3701 

2.5 

0.2953 

0.3512 

0.3811 

0.4691 

3.0 

0.3094 

0.4409 

1 0.4832 

0.6941 

3.5 

0.4321 

0.5051 

i 0.5514 

solidifies 

4.0 

0.5214 

0.5660 1 

I 0.6043 

1 


These experiments lead to the following two conclusions. 

(a) Since the viscosity measurements of solutions of crystalline 
egg albumin and of gelatin agree fairly well with Einstein’s and 
Arrhenius’s formula respectively, it seems that the viscosity of 
the solutions of proteins is primarily a function of the relative 
volume occupied by the protein in solution. 

(b) Since the measurements were made at (or near) the iso- 
electric point of the two proteins the difference in the viscosity 
of solutions of gelatin and of crystalline egg albumin cannot be 
ascribed to differences in the degree of hydration of the individual 
protein ions, since at the isoelectric point the protein is not 
ionized. 

It follows from these results, that the difference in the order 
of magnitude of the viscosity of the two proteins must be due to 
the fact that gelatin possesses a mechanism for increasing its 
relative volume in solution which is lacking in the case of egg 
albumin (in not too high a concentration, at not too high a tem- 
perature and a pH above 1.0), and this mechanism seems to be 
connected, in the case of gelatin solutions, with their tendency 
to set to a gel. 

Zsigmondy (p. 98) states that Smoluchowski has explained 
the increase in the viscosity of a solution of aluminium oxide 
upon coagulation by the assumption of an occlusion of liquid 
between the particles. Smoluchowski calculates from the 
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iiH*roas(^ of vis(‘()sity during coagulation of aliuniniuni oxide that 
th(‘ (‘oagulating partickss ocanipy a volumes 400 to 500 times as 
gn\a[ as Ihal o(*(*upi(al t lu^ dry material itselfd Tliis apparent 
inenaise of volimu' h(‘ (‘xplains through the aggrc'gation of ncualle- 
shaped i)a,rfi(h‘S, \vai(‘r Ixdng occluded ])(dAV(xm thes(^ pa,iij(;l(js. 
Siaoluchowski ap)par(‘ntly did not associatci this oc(‘,lusion of 
watevr with tin* Donnan (X|uili})rium. 

If W(‘ adopt this id(‘a for th(^ (explanation of tlu^ high onhu’of 
vis(a)sity of g(‘laiin solutions as (a)mpar(xl with solutions of (^gg 
all)umin w(* r(‘ach, thc' con(!lusionthat thegedatin solutions contain 
suhmi(‘roscopi(i parti(*l(‘s of solid jcvlly , {.c., mic^elhe which oc<*Jude 
r(‘lativ(‘ly L'lrge (piant,iti(‘s of wat(‘r, wh(‘r(d)y the redative volume 
occupi(‘d l)y t h(e gedatin in solution is incnuisc'd, and that such par- 
t i(d(es a.r(‘ la(dcing or scarc(‘ in th(e (*.as(^ of solutions of (‘gg all)umin. 
'‘rh(‘S(^ part i(d(‘s of solid j(dly an^ tlu^ precursors of the continuous 
jcdly to whi(di the* g(‘latin solution has a t.(md(UK*,y tosot. The fact 
that. th(^s(* parti(d(‘s ar(‘ lacdcing or s(*>arce in tlu^ c.ase of solutions of 
(‘gg albumin is cotin(‘ct,(Hl with th(^ fa(4 that th(^ latter solutions 
hav(e no t(‘nd(‘ncy to S(d. to a jcdly at ordinary t(unp(u‘ature and a 
])H abov(‘ 1.0. Wh(‘n thc^ pll is Ixdow 1.0 and tlui tcunperaturc 
higher tin* solutions of (U'ystalliiu^ (‘gg albumin scT to a jelly and 
in that ease* thedr viscosity b(a‘,om(‘s of th(i sairn^ high order of 
magnitud(‘ a,s t iiat of g(‘latin solutions. 

This assumption would also (explain why t^lu^ |)II (‘/aus(‘s a 
similar variation in tdH‘ viscosity of gedatin solutions as in tludr 
osmotic pn*ssur(‘, wliile: th(‘ visc.osity of solutions of (uystalline 
{‘gg albumin sliows no sucdi influ(‘n(‘,(‘, of 1di(‘ pH. Then^ must 
aris{‘ a Donnan cupiilibricim b(‘tw(H‘n th(‘S(^ submicToscopic 
parti(‘l(‘s of solid j(dly a.nd th(^ surrounding sohition, and this 
Donnan (‘equilibrium must, regulates th(‘ amount of wat(u* o(adud(ul 
by tlie submicroscopic. parti(d(‘s of solid j(‘lly, floating in the 
gedatin solution. v^inc(‘ ihv. low ordcu* of magnitud(‘ of th(‘. vis- 
cosity of albumin solut ions (*x<dud(‘s th<‘ (‘xistvn(‘.(^ of a c,onsider- 
ublc‘ numlxu’ of sucdi submicroscopic solid particdcis in thc^ solution, 
it bfM*omc*s obvious t hat, thc^ Donnan (Kiuilibriurn cannot manifest 
itsedf to any large* (*xt(‘nt in the viscxisity of solutions of this 

* C^aotrd from ZsHJMc»Nnv. U'hc* pap(‘r of SMonucnowsKi is ina.(*c(‘HHil)lc 
to thr writer sinco the imnibcr of th<* joiininl in wiiicdi it. Iail(‘.(l 

to rcjcdi the hmlifute* during nmi sinco ih(i wiir. 
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protein at not too hi^j^h a concent rat iorn at low teni|H*rat iirch, and 
at pH ahov(^ i.O. 

2. If this assumption is correct, it wouhl folhnv tliat a mi.v pen- 
sion of powtl(‘r(‘(i f^fdatin in wat(*r siioidd liave a grealf*r viscfisity 
at a giv(‘n t{‘mp(u*atun‘ than if the sane* mass of aolatiii is dis- 
solved in water, since in the latter i*asf‘ part of the gelatin af 
least is in tru(‘ solution fas w(* shall see lateri and this latter is 
ineapahh^ of incrc^asing its volume hy (H'eluding watm*. It would 
follow, furtlH*rmore, that the inthnuH'e r)f elecdndytes on the 
viscosity of susp(*nsi«>ns of lanvthu'ed gelatin wotdd h** tlie same 
as th(‘ influ(‘ne(‘ of elect ndyti’S on the osmotic pressure of gelatin 
solutions. It. can lx* shown that doth ex|H*etat ion^ are fulfilled. 

I)os<‘S of O.o gm. of powdered gelatin Wf’re put ini ft HHI e.r. of 
wat<‘r containing h, 1, 2, 2, 1, o, h, 7, S, Kh 12. o. lo an«i 211 c.c, of 
O.I N IK d to bring tin* gelatin to tlifhu'eni pH. Tin* sus|)ensionH 
W(‘n‘ al!ow{‘d to staini 1 hour at 2tr to bring ahouf tin* swelling 
of tin* part and the viscosity of tin* suspensions was measured 
in a straight viHc*omet(»r a! 2tir< *. d'hi* time* of emtfloAV of water 
through the viseonn*ter at 2Cf was iH.o sei'tunis, 11je u|i|a*r 
curve in Fig. r)2 gives tin* ratio of viscosity of siis|K*iisioiis to 
that of vvati*r at 2(P(b (When the viHcosity is liiglp tlie vahieH 
obtained are a little too gn*at owing to a gravity elTef*! which 
eauH(*H th<* solid |)articleH to collect alnna* the upisT c»pc*niiig of 
the capillary tube during a part of tlie time of f he i*)c|a*ritiient 
thus increasing temporarily the detisity of the suspension.) 
After the viscosity of a suspension was measureel f lif*sus|«*iisio!i 
was transformed into a solution by lieating the suspension to *. 
for 10 minutes; aftc*r that th<* solution was rapidly cooled to 2ff< *. 
and the viscosity of tin* gedatin solutitui was immediately meits- 
ured with the same viseomett'r at 2Cf<h 'Fhe hiwer curve in 
Fig. 52 sIiowH that the viscosity was now (‘onsiderahly climinished. 
The abscisHie are the pH of tin* g<*latin solutions. 

If we measure! the volume of the HUspemiiai piirliides we find 
that it vari(‘s in a similar w*ay as the viscoHity. Hiiiiiples of 0.5 
grn. of (yOC)p(*r's tmwdered eomnn^reial gc*latiri of a pH nf iiboiit (id 
were adchai to lOO-c.e. portions water containing vfiryiiig 
amounts of HCL The particl(*s had uniform si 7 ,«» fgoiiig fliroiigh 
sieve 100 l)ut not through si(!ve 120), but thfdr shiifK* was ex- 
tremely irregular. Thc^y were left in the solution sevf*riil ficiiirs 
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at 20^0. y and then their time of outflow through a capillary 
tube was ascertained at 20°C. The time of outflow of water 
through the vis(U)inet(^r at this temperature was 24 scHJonds. It 
Wius (‘ssential to stir tiui suspension thoroughly bcvfore siuddngit 
into the vis(a)in(4.{U’ since tlie gelatin particles sink rapidly to the 
bottoni of the dish. 



Fkj. 52. DifToronco in th(* viHfo.sity of ii HusponHiou of 0.5 gm. of i>owdoml 
golntin in 100 c.r. and of tlH? Holution of the HaHp<*ri«ion in the namo li(|nid; both 
won* rn(*aNnn*d at 20^*('. 

After the viseosit.y measurements w(^r(^. taken, the suspension 
was put on a filter of (K)tton wool and the supernatant water 
allowc^l to drain off. By measuring tluj volume of the filtrate 
and deducting this from the original volunu.^ of the susponsion 
(%vliich was in all (^asf^s lOO e.c.), the volume of the gelatin was ol)- 
taine<i (wit h a eonsid(U’a!>le error). Then the gelatin was meltcHl 
and t he* pfi of the m(4t<Hl mass of gelatin as well as of the filtrate 
was det.errnined potentionud-rically. Figure 53 gives the result 
of siK'h an experiment. The lower (uirve shows the influence of 
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Experiments on the infiuenc^e of these three acids on swelling 
(Fig. 19, (9iap. V) sliow that th(^ curves for the relative voliune of 
powd(U’(Hl gelatin in solutions of thcjse three acids are similar to the 
vis{a)sity (turv(‘s in l<"ig. 54 since the relative volume of gelatin 
sul|)hate was ff)und to Ix^ not far from oiui-half of that of gelatin 
chloride or g(4atin pliosphatci of the same pH. 



Fk#. .>1. of sui^n^nHions of ()./> jijrru of powdered Kolutin of jJirain 

Ri/.e mo fo 120. AhMci.MHjt* ure <!»(• pff, the ordinatew tlie ratio of time of outflow 
of HiiMpeuMifHi fo tiuH* of outflow of waf<u’. The iidluerica^ of liCl Jtnd II3PO4 Ih 
pnifticuily idenfieai for th<‘ nanu^ jdf while fF.(S()4 <h*r>reHH(‘H the viHCOHity of the 
HimpoimonH to a Hftle than one-hulf of that for IfCU. 

We have seen iha,t Hie viscosity of a gelatin chloride solution, 
e.f/., of |)H 5.0, is low(‘red when runitral salts anf add(xl and th(f pll 
kept constant (Fig. 29, ( 4uif). VI). The sanu^ is true for the 
visfajsity of su.spfmsions of powdered gelatin. Dosf^s of 0.5 
gm. of powdenal gelatin of pll 0.0, going through sieve 100 but 
fiot tlirough si(‘vc‘ 120, wcu-(^ put f*ac*h into 100 c.c. of walxu* con- 
taining f) c.c. of 0. 1 N HC ’I, and (liff(*r(‘nt (piantitH's of NaNOn, so 
tlmt tlie coiiefmtralion of the salt varital in t he diffenmi, solutions 
from m/H to m/2,048, One solution contained no salt. The 
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pH of tho gelatin varied in the laaghhorhood of 3.0; the teiiipeni- 
ture wan 2{f(l. After 2*2 hourn, when the Donnan ei|iiilihriiuii 
ladwecai ihv. partieli‘H and tlie .mirnainding sulntioii wah Mipp<i!-f‘d 
to be establislied, the vi.s<‘OHit y of eaeli .suspensi«»n wan iitf\a?^iired 
at 2()®C. and the volume oempied by the ^UHp«u^ded parlirle,^ of 
gelatin wan asetaiiiined in tin* manner dc\‘^erib<*d. It whm found 
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Fig. Hhc wing <li*pri»»fiinK iiifiia«rir*i ef ntnifnil tm 

p(»n«inn« ef iKWcIi^rnd gHattn in water and nit the vnhimi* ttvmtpimt hy tln^ gtdiiliti 
partieka in the atwiwntainn. 


that the addition of Halt diinininhed the relaiivt! vtdiime of fli<* 
gelatin partiehm and tin* vineoHity (Fig. 55). Where the volitiiie 
of the gelatin wan great it^ no hmge^r varied |Miriillel with ilie 
viscoBity, m wae to be <*x|>c‘(’ted from the fuel that Kiimteiidrt 
formula no longer holdn in thin eamu 
The mcaKurenuuitB of the pH of the gelatin Holiitiori unfit he 
outBide Bolution nhowed that the addition of Kail diininiMhed llii! 
difference between the two, m Donnan’s theory demaiidii (Table 
XLII), 
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.22 

0.19 

0. 17 

0.15 


This cli^nionstration (‘.omplctos the proof that tho viHCOsity of 
Hmp(mM(>nH of powdca’od gcdatin in water of different pH is 
influ(‘n(u‘d in t.h(i saui(‘ way by electrolytes as is the viscosity of 
HoliUions of th(i sani(‘ gelatin salts, and that this infiucnco is duo, 
iii thc^ (‘as(i of Huspcnisions, to th(^ influence of tho Donnan eciuilib- 
riurn tipon th(^ swelling of th(i particles. 

Th(^ voluuK^ V of g(‘latin occupi(Hl in 100 c.c. of the suspension 
was d(derrnin(‘d by filtciring and dediu^ting tho volume of the 
hltra.t(‘ from th(‘ total volunu^ of the suspension. Knowing 
th(‘ viscosity w(^ can calculah^ Kinstcnii’s constant c according to ’ 

th(* formula 



e should 2.5 if V is sufficicuitly small. 
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Thr valu(‘s ill "Fahli* XL! II that :•■■ lt»riiiii!a. 

tlia corna*! valuas fur vi.-rij.-iiy wfirit I la* vc^iliiia <»! lia* irflafin 
is siiia.Il, sinca in that aai>-t‘ r i> <a|Ual nr imatiy rqiial in ‘i.n, a/, hi:^. 
fonniila (hainiiids. 

Wh(*n, li()W(‘V(‘r, tin* vnltimr* is larnnr, lim valiin fnr r 
2.5. 'TIh^ fa, rt that the* valun fnr r nxc*<*r*ds 2.5 whnii fhn rr-hitivi* 
V()IunH‘ ()<‘<’upi«‘<l l»y I la* partialas in fla* se»l!iti«ni lar^n, was 
found also hy Hatsala*k, Slla^luc*!low^•k^, and Arrta-niiis. Haf- 
s(*h<‘k n‘|)la<‘od thr value* 2.5 in l%ifistnju‘s fonuula !»>• a Iari»:«*r niif, 
nuna‘ly *h5. This, ho\vt*vf‘r, iia***ts in our ra,>f‘ with lia* difliaiilty 
that the value* r .shows a <irifl n*at*!iiii^; a inaxiiiiUin wla-n fla* 
volumt* of t!a* ^e*latiii partirlns is a niaxiinuui. Tins diflirulty 
is lar|j!:<‘ly avoideal in .Xrrhaiuus'.^ formula aia! wn have* !«> <'han|^<* 
from 10inst(‘in’s formula to that of Arrla'iiiU'^ w!a*iinvnr fla* 
ralativf* voiuma of tla* partialns in solution or suvpoii.'uon axria*ds 
th(‘ limits of the* appliaahility of hau'^toin'^ formula, as wa shall 
in the* noxf (*haptc*r. 

l’h(* oxp(‘rina*n1s on tlia vi.**^c*oNity of su^ponsions of pow*l**n*i| 
g(‘latan in \vut<‘r lutvey th(*ri*for«*, Ind to ila* noiill. first, that fla* 
inlluanrt* of pH, of tho vali*nr*y of ions, ami of fhn rom’iml rat ion 
of lunitral salts on the* viscosity of of finely powdarad 

gtslaiin in wat(‘r Is similar fe» tla* inlluanaa of thavi* thri^a agi*naiaH 
on the? viscosity of gelatin hoIhUohm; sacond, tlmt ilia infltianae* af 
ol(Kitrolyt(‘H on the* viscosity of ilia suspi^nsioiiH i,s dm* to tla* 
variation of the swelling (or ralafiva voliimai of tha siispani|f*d 
particl(*s; and tlurd» that this iail«*r fiiat axplains why fla* I ^ofirinn 
etjuilihrium datanniia‘H also tha vxariatioii of visaovify of tlif*sa 
HUHjMinsionH, If it could he* .^hown that a solufiiui of galatiii 
contains also Horn<* (stihmicros('o|>iai pmiiclas of solid jally 
(capal)lc of Hwallingh \va shouhl umlarstand at onn* why alaaf ro- 
lytes infiu(*nco the? viscosity of g(‘Ialin sohiiions an they iiiiliiaiica 
the swelling, osmotie pn^ssun*, or tha PJ). of llii*sa soltilioiis. 

i. We have only indirect maans of tasting the oaa!ii>ioii tliaory 
for gelatin solutions hut, thessc* te*stK give* an iiiiafpiivoi'iil iiiiswar. 
When a 0.5 per cent solution of iseH‘Ie*e'!ria ge*!atiii is liaa-fi'd rafiidly 
to 45®, cooled rapidly to a lowe*!* taiiipf*nif tira, r.i/., 2tfCh, nnd 
kept at this temperature*, the* solution will ultiiiiafaly si*! to a 
continuous gel but will steaelily increase* its vise*<*Hily hidori* this 
stage is reached. It is natural f.o assiiriii* llint. flie* foriiiiition 
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c>f a continuous jc‘lly is preceded by the formation of submicro- 
s<;opi(‘ pi(‘C{\s of which increase in num1)(;r and size, forming 
finally a, continuous j(‘lly. Hence, the long(a* a solution of 
iso(‘l(a*t ri(! gelatin stands at 2(fCh the greatcu* the number of 
submi(UT)scopi(* solid pi(‘C(»s of jelly formed in the solution. The 
sul)microscopi(* |)i(M‘(‘s of jelly, surrounded l^y a true solution of 



pH 16 IB 2.0 22 24 26 2S 3.0 32 3.4 3.6 3.6 40 42 44 


I Fio. /»r». Inrn'jwc* in %’iHr*osity w}ic‘n a<‘i<l ih add(‘(l to Holut.ionH of iHoolootrio golu- 
tin iiftvr they had heen HtaruliiiK for S and 17 hourn roHix'sctivcdy. 

I isolated inoleeules of gcdatiii in water, are eornpcdkal to regulate 

j th(‘ aiiicmtit of water thi^y oee.huk! by th(( Dorman equilibrium, 

i Ibmee, wliiui we add .sonu! H(d to a ()..') p(T (amt. Kolution of iso- 

*1 eka-trie gelatin after the solution has Ix'en standing for some 

I liours at '20'’ we should exjreet to find a high(u- viscosity than when 

{ \v(‘ add the same amount of acid to the g<datin solution imnusli- 

ately after it lias b(‘en rapidly luiat.cfd to 45 ° and rapidly cooled 
f,D 2lf( 

This experiment turns out as (expected, as is shown in Fig. 55 . 
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Wl'H'H ji 0.5 |)(*r |f<4siii!i i- nipiilly 

\(> 45'^( crjohMl rapiOiy tt» ‘iU’ c Mini linniuhl iuiiiii^iliaf f4y 
to a difiVn^nt pH hy tin* additiuii uf IITL at ‘iO^r'.a viM’udly 
curv(‘ lik(^ th(‘ iti ail obijiiia’d. \\ Ip'Ii, liiiwi’Via\ 

tha 0.5 p<‘r f’(*id isni4«M'tria grin! iu MthOinii is alluwisi !m >'taitdfftr 

3 laniYH at 2if( \ hrioiv fin* a«’id add«‘d, a para!k4 >• lairvi* 

in fonntal ai^ 20*4'. Out higla*r flina tin* firs! anr aiiidilli* rmw, 
Fig. 50), for tlio rcasort that duriag tia* 3 liours nti atidil iinisil 
riiunlH^r of solid j<*l!y partioli^s laipahlo of swoIHiigluis !«'oiifi»riiiod. 
If th(^ HolutioH of isfjolta't ri<* grlatia stands fnr IT hours ai 201 
l)oforo ihi‘ lie '1 is atidr-d, tla* tuirvo is still liighiu’ t hough |irafiiral!y 
parall(4 with tin* first curvr uippor rurvo, Fig. 5iii. oxropt at tin* 
HViinniit.. It is prohalih* that on slaJidiug uol only flu* iitiiiihor 
lyut th(‘ sizo of individual parti<*h*s also iiuToasos, and I ho writ or 
has o})S(*rvod that h^r tho si/r* of grannloH iisrd in hisi-xpiuiiiauitH 
th(* gn*nt(*r the* si/a* th«* groator tin* visoo^ify, siiiro Ihr visrosity 
is (*hi(‘fiy hut not (‘Xrl!isivi*Iy n funrtifui of ila* rolafiv** voluuio of 
the particles. 

Hiner* j(*lly format ion gelatiii is a rrvcrsil dr* iiriM’osH \Vi* sliould 
expect that, two o|'jjamite procMssses iihvays take |ihice siiiiiilf afie« 
ously in a g(4atin solution on standing, namely, first, the forma- 
tion of solid partielesof j<*lly through ! he aggregal ion of prevkaiHly 
isolated gelatin moleeiileH and urns, ami .seeiiiid, the dis,HoIii!ion 
of such aggregates (micedhi*) hack into isolated incdeetdi'S and 
ions. It is easy to show tliat powalr*nai gelatin id ii given pif 
dissolves the more rapi<lly the liigher t!u* femperiitiire. If, 
therefore, our assumption is eorn*f‘t tliat in ii solution of gelaliii 
two opposite processes go on eonstantly, the rate of nieltiiig of 
the micedhe shouhl ineriaise if the tem|>erii.ture rises. Ilenre, 
at very low temperature the* viscosity of a gelatin Holutioii slioiild 
increase rapidly on Ht.nnding sincf* the formation of neiv itiieellic 
takes place constantly, whth* practically im nielfirig of mieellii? 
occurs. When, however, the tem|-)i*riiture is riiiHf*4l beyond i% 
certain point, the rate of medting of mierdhe iric-naises iiicire 
rapidly than the rate of formation of new itiicfdlie. lienee, lit 
such a temperature the viscosity of a gedatin soliition slioiilci not 
increase but decrease on staiuling. 

This conclusion was tested ex|M*rimeritfilly and foiiricl to he 
correct. A 2 per cent solution of gidatiii cdiloridc! of j>H 2.7 was 
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rapidly heated to a temperature of 45® and then rapidly brought 
to th(^ teiup<‘ratur(^ at whicli the change of viB(!osity of the Bolution 
with tiin(‘ was to ] h ) ohscnwed. At definite intcu’vals the viscosity 
of the solution was measured. Figure 57 gives the rc^sult. At 



Time in minutes 

Fill. 57. IrUltionce of on tho variation of vinooHity of gelatin 

nolutioiiw on f^farniing. Below .'i.W!. the viHcosity of a 2 pen* cent gelatin chloride 
«oIntion of pif 2.7 no longer incrouHcH hut dirniuiHh(»H on Htandiag. 

15® tlie viscoHity iru^rcdised rapidly on standing; at 25® it ixKjreased 
on Htanding but 1 (*h 8 rapidly; at S5® or abovet it diminished on 
standing, the more raiiidly the higher tluj temperature. The 
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temperature at which the two opposite processes — the formation 
and the melting of miceIl^E — occur equally rapidly in a 2 per cent 
solution of gelatin chloride of pH 2.7 lies between 25 and 35°C. 



0 5 10 15 20 25 30 35 40 45 50 55 60 

Time in minutes 


Fig. 58. — Increase of viscosity of gelatin sulphate solution of different pH on 
standing. The increase is most rapid at the isoelectric point, thus proving that 
the acid retards or prevents the formation of submicroscopic solid particles of 
jelly on standing. 


When acid is added to powdered isoelectric gelatin the time 
required to dissolve the particles diminishes at a given tempera- 
ture with increasing hydrogen ion concentration of the solution and 
this tendency of the particles to dissolve with increasing hydrogen 
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ion (‘on (‘(‘lit rat ion shows no inaxinminas (lo(‘s t ho swollinfi;. Hoiioo 
we slionld (‘xi)(‘(‘l (lull th(‘ more a((i(l is added (,0 a O.f) per eent 



Time in minutes 

Fic}. r»0. Showing fhiif ronroninilii^iiH of NukS 04 of m/.*J 2 and ufxivn cnuHo 
an inoroaHi* itt the viHcnnity of gidutiii tdilorido Hohition of pll ,'i.d on HtandiriK 

at IffFC*. 


solution of iso(*l(‘f*iri(; irdatiu ih(‘ l(‘ss ih(\ viscosity will increase 
on staiuling at a given teinp(‘ratun‘, c.r/., 2()''('., sincf^ thcMuore 
acid is added to Lsofdecttrict g(*Iatin th(‘ greaU^r tiie i(;nd(;ncy of 
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the solid jelly particles already existing to dissolve; while 
tendency of the isolated gelatin molecules or ions to adhere 
each other is not increased. It should follow that on standing 
viscosity of a 0.5 per cent solution of gelatin chloride or gel; 
sulphate will increase the less at 20° the lower the pH of the s 
tion. Figure 58 shows that this is the case. 

In Chap. XIV we shall see that the rate of solution 
powdered gelatin in water is influenced in a different wa3^ 
different salts. Na2S04 diminishes the rate of solution 
powdered gelatin chloride when the concentration of Na.2 
exceeds m/64; and the diminution is the greater the higher* 
concentration; while CaCh accelerates the rate of solutioi 
powdered gelatin chloride when the concentration of Cs 
exceeds m/4. 

Gelatin chloride solutions of pH 3.4, containing 1 gixx. 
originally isoelectric gelatin in 100 c.c. solution, were made iTj 
various concentrations of Na2S04 and CaCh. The soluti 
were rapidly heated to 45° and rapidly cooled to 20°C. and Ic 
at this temperature for 1 hour. The time of outflow of 
solution through a viscometer was measured immediately i 
in intervals of 5 or 10 minutes. The time of outflow of ws 
through the viscometer at 20° was 61 seconds. 

The viscosity of a gelatin chloride solution of pH 3.4 x: 
gradually but very slowly (uppermost curve in Fig. 59) and 
rate of increase of viscosity on standing is not materially alte 
in m/512 Na2S04 and only little in m/128 Na2S04. In 
Na2S04 the viscosity increases more rapidly on standing, 
m/8 Na2S04 still more rapidly, and in m/2 Na2S04 very shaxj: 
This is exactly what we should expect, since the Na2S04 cause 
diminution of the rate of solution of gelatin chloride as sooxi 
the concentration of Na2S04 is above m/64. In such soluble 
the rate of solution of micellae will be less and less, and si] 
new micellae are constantly formed at 20°C. the viscosity ^ 
rise more rapidly on standing when the solution contains 
in concentrations above m/64 than when the solution cont^ 
less Na2S04 or none at all. 

Figure 60 shows that CaCh in concentrations up to m/8 cl< 
not alter the increase in viscosity of gelatin chloride solution, 
standing, but that the viscosity of gelatin chloride of pH 3.4= 
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longer increases on standing when the concentration of CaCls in 
m/2 or 1 M. In this conc'entration CaChi causes a slight increase 
in thc^ rate of solution of g(‘latin (diloride. 

NaC'l (‘,aus(\s no changes in the rate of solution of gedatin chloride 
as long as th(‘ (‘oruauitration of NaCl does not exceed 1 M. 
Above this conccuitraiion it caus(^s coagulation and th(? viscosity 



0 5 10 15 20 25 30 35 40 45 50 55 50 


Time in minutes 

Ficj. Of). Showin^i: that rorircntratioriH of r’aCUs or m/ 2 or ahovo proven t, 
tho iijrmw; in vinct^jiity of g<»latin ('hlorido Holutioii of pH 3.4 on Htauding 

lit 2ffa’. 


can no longer be nieasunHb Hene.e NaCl in concentrations up 
U> 1 M sliould not alter the rate of inert‘ase of viscosity of gelatin 
chloridfi solutions on standing. Figure 61 shows that this is 

corretet* 

Th(^ simplest rnc*thod of melting solid particles of Jelly is by 
heating to 45®{/. If, therefore, the striking increase in viscosity 
which occ!urs whc*n a 0.5 per cent solution of isoelectric gelatin is 
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k(*pt^ sfandiiig for a day at a t»‘iH|H‘ra!iiri' r^f, t-jj., 10 ( is dii»* tf,* 
th(* farinaiiaii f»f partirlrs *»t tlaai it t!d^ sHliifinn 

h('a((‘(i to 4 r> and roni<*d rapidly tu2tt't . fho rnajority <■»! itii'so 
solid parliaios sIinuM iia\o undtod and di^^olvrd i^olafod 



I Fia. OL-' Hhowing thiif Na(‘l ii|i to n of |,\| limr no 

effect on the iiK-reuHe in viwowty of jseliitin rhlornh* Holitfioii of |4i 4.4 on nturirl* 

1 1 ing at 

ions or mok-culcs. flcnco such a solution when cfKtled rapidly 
to 20° should show at this tcuipcraturn a «-t»iisiiicndil.v lower 
viscosity than the same solid iou shows at 20° when if ishroiight 
to this temperature (Ureetly from I0°(’. without previous heat iu^ 
to 45°( !. The exjM‘rimenf represent eti in 1‘ ig. 02 sliows t hat t his is 
the case. 
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These experiments then support the conclusion that the high 
viscosity of gelatin solutions and the influence of electrolytes on 
this viscosity is due to the fact that these solutions contain sub- 
microscopic particles of solid jelly (micellae) capable of occluding 
large amounts of water the quantity of which is regulated by the 
Donnan equilibrium. 

4. The pH influences the viscosity of casein chloride solutions 
in a similar way to that in which it influences gelatin chloride 



pH 1.6 2.0 2.Z 24 2.6 2.8 80 3.2 34 3.6 3.8 4.0 42 44 46 

Fig. 62. — Showing that previous heating diminishes the viscosity of 0.5 per cent 
solutions of gelatin chloride. 


solutions; and the depressing effect of neutral salts on the vis- 
cosity of casein chloride solutions is similar to that of the addition 
of salts on the osmotic pressure of gelatin chloride. Casein 
chloride solutions have no tendency to set to a jelly, but they 
have one feature in common with gelatin solutions, namely, the 
existence of particles capable of occluding water, the amount of 
which is regulated by the Donnan equilibrium. As a conse- 
quence, casein chloride solutions have a comparatively high 
viscosity which is influenced by electrolytes in the way charac- 
teristic for the Donnan equilibrium. The existence of such 
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parti(*I(‘S ill th<‘ cascan .'^rjlufiuri Uy tin* 

oiKi(*ify of the sr>luti(^n. 

'Vhv nuit<‘ria! in anv «*x|H*riiiiniitH wa^ ii tiiii’ dry fwiwfifa- nf 
nearly ric ra.^ein prepared afff»r Van Slyla* aiid fiaker. 

.PariicI(‘S of ecpial size of |j:raiit d»etween nie.'-ii IfKI and I2fh wvn> 
♦siftcHl ouf. a.nd I gun of mo-Ii jntwder wa^ pnt info IIHirj*. ejirh 
of Holutions of flC'l of diffca'iait eoiieeiif ratieiii to liriiiii ihi^ 
to varying pll. A iiiieroM*opie exaniinalioii of tin* gnmiileH 



Fici, unrl m>lutk»rt of I'iiwati rhlitridi'* In I iiial ’J-2 h^mrn ni 


Bhowocl that they onderwont a Bundling whieli was ii fiiiiiiii'iiiiii 
at the isoeleetrie l)oint, wliicdi itirnaiHed with irirreasitig liydrngiai 
ion concentration until it reached a nuixiiiiiinn nnd wliifdi tlnit 
diminished again with a furt.h<*r inereiiHe in tin* hydrogen i'on 
cxmcentration (see Chap. XV). Heriei% the \ailiifiii* of ttii* 
casein particles stispcmdtHl in the H('1 varied in n similar wiiy 
with the pH as the volnrne of sus|'Kuidf»fi fiiirt teles of geliiliri* 

This swelling could also he observiHl when the* siisfMUwiciri wm 
put into lOO e.c. graduates and tin* siisperided piirfirles m’erc* 
allowed to settle. The volume of the seflimeiit miis n iiiiriin'iiifii 
at the isoelectric point increasing %viili iric»reiisirig liydrogt*ii ion 
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concentration of the solution and finally decreasing again. But 
th(‘ curves of swelling and of volume of s(ulini(‘nt were only 
paralhd at tlie b(‘ginning of th(‘ experiment, sinc(^ th(^ swelling 
(which o(u*urr(‘d at on(‘(‘) was followed by sonui of th(^ (uisein 
going into solution or into suspcuision. The longcu* the experi- 
ment last(‘d th(^ smalhn- the volum(‘ of the sediment became and 
the largcn* tln^ mass which wemt into the supernatant solution, 
lliis is (‘Xf)r('ss(‘d in Fig. ()3. The upper curv(^ repres(mts th(^ 
volume of th(‘ s(nlim<mt aft(‘r 1 hour. The suspension of 1 gm. of 



pH 14 L 6 1.8 2.0 22 24 2.6 28 3.0 3.2 3.4 3 . 6 ‘ 3.8 40 42 


Fl<i. 04. Dry wtOghi nf <)f cu.sjm’ii (rhloridc* HoIutiouH 1 juid 22 ] 

luMirn. I 

cniHC‘in in ICK) c.c. of ild of ditTerent concentration had been kept 1 

for 1 liour at 2ir, had Ihhuh shakem r(‘peatcdly hut not fnupiently, 
and the Huspem-sion was them |>asscd into 100 c.c. graduat(iH and : 

allowed to sedth* at 20^Xb Aft<‘r 2 hours the volume of the sedi- 
ment was meaHunMl and the voIum<iH an^ th(j ordinates of the 
(nirvc* marked ‘*aftc*r I hour'’ in Mg. ()3. A similar experiment : 

was marie in wliich the* suspensir)n of casriin was kcipt for 22 i 

lujiirH at 2(f C h and was allowed to settle during 6 hours also at I 

2(f(h The* vcdum(‘H are tin* ordinates of thrj second curve in I 

Mg. 03, miirkral ^‘aftrn* 22 hours.” The absciHsie are the pH j 

of the total solut ion and suspension. ’ 

The curve **aft(*r 1 Imur” is clear, since it is e.hicdiy the expres- | 
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sion of llii‘ variali(»!i of I hr tir|!,rc‘r of >\vi‘!liit|., of ihr rasriii 
jKiiiiclrs, not as much havirj^ puir solution a- aftof 22 

hours. \W u(»iir(‘that tin* \'oItuitr {Ha-u{HO{| h\' ihr ['•olid parlir!(»s 
in {h(‘ l-hour curve is a minimum at the i>of*lorlrir point, tliaf it 
risr‘s sf(‘(‘[>ly aft<‘r pll 2.1, that it drops at 2.2, and that a second 
drop (•ommcn(a‘s at pll l.S. The two drops have a diflVrcuit 
(•aus(‘. The* drop at pH I.H is dtn* to a diminulion of tin* dei^ren 
of sw(‘llin^i: of tlie sodiuHuit, wldlo tla* dre^p at 2.2 in tin* i“lmur 
curve is duo to th<‘ fact that at pH 2.2, when* the sohihilit y c)f 
cas{‘in chloride is a muximum,some <>f the caiseiii chtcunde itas f^one 
into solution. This eonchtsion is supported hv I hr* fact that tlm 
drop at 2.2 increasr‘s in tirnr* and is V(*ry efmsid<*raldr* aft<*r 22 
hours fser* tail, while* othc*rwisc* the* I-liour and tin* 22“hour 
curves show only minor dilT(‘n*ncr*s. 

Thr* prorrf that this intru’pnd ation iii Hie voluim* (*urvf*8 of Fig. 
63 is eorr(*ct is furnislaal hy Fig. 64, wh<*r(‘ thr* oniinatr*s an* tlie 
dry weights (d th(* smliments, the* voIunir*s of whicdi an* given in 
Fig. 63. Ota* gratu of powdr*n‘d (‘asc‘in liarl when dn(*cl for 24 
hours at Ixdwerm 96 and HKF< '. a dry w(*ighf of 6.H7 gm. 

Thai part of the (*as{*in chloridr* wliicli gof»s into Ha* Mipernatanf 
licjuid (/.c., wliirdi is not contained in thr* sr*dimr*nt I rauisists of 
two const it \n*ntH, iiauady, first, solid suhmir*roscopir’ partii’lr*s in 
Huspc'nsion wliicIi in dur* tina* would luivr* s(‘tt!f‘d, and sr*cfmf!, 
isolatcal casein ions and moh‘<*uh*s. 4111 * solirl partich’s in the 
HUperiuitant lirpiid (unl(*ss tla*y arc* hc*low the* limit reepured to 
occlude* water) un(l(‘rgo the* same* swelling unde*r the* influence* cd 
the* Donnan (Hpnlibrium as the partie*Ies of tla* sf*diiia*nt. In 
addition, howawa*r, we* have* individual casein ions in solution ft he* 
inolee*ul(*H being probably insoluble* sine*c* isoi*lec| rie* eaisi*in is 
practieailly insoluble*) but the*se* ions cannot uneie‘rgo any H\ve*lliiig 
and h(‘nc(‘ do not add ma.te*ria!ly to the* volume* and the* viHcamily. 
As a conse‘(|U(uice, the* more* solid partie^les of e*asedii edilorieh* are* 
dissolveal into iso]at(*d caHe‘in ions eu* particle*H loo sina!! to oc*clude 
w'ateu*, the more* tlie* r(*Iativ(* volume* oci*upie*d by tfie* casein in 
the solution shemlel be* eliniinishe*ei, and this should be ac*e*onipanieel 
by a diminution in viscosity. If our the*ory ed the* origin ed the 
viscosity ed the^ gchiHn solutions is corn*e*i, it sliemld be* |K>ssible 
to prove* that whe‘re‘ the* solubility ed tlie e‘aK(*in e*hIoridc solution 
is a maximum the* vis(*osity {‘urve* shows a drop. 
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The correctness of this inference is supportcnl hy vise-osity 
curv(\s in Fig. 65, which r(^pr(‘S(nat tiui visctosity iift(‘r 1 hour and 
aftcu* 22 hours. Th(^ (*xp<‘riments are the sanies as thos(‘ referrcnl 
to in Figs. 6^^ and (>4. Thf' visc.osity of the total suspcuision and 
solution was nK^asunnl in a straight viscosimeter with a tim(‘ of 
outflow for water of 4S.4 s(Ha)nds at 2()°C. Thc^ (airv(i for i.h(^ 
viscosities aftcu* 1 hour is the (expression chicdly of tluj sw(‘lling, 
since casein chlorides goes only slowly into solution at 2()'^(h 
The curve is almost continuous and has its maximum in tlu^ 
region betwenen pll 2.1 and 2.4, wluu’ci also th(5 sw(dling is n, 



Fi<;. r>r>. Vi.sc<»silv of 1 per ('ascln chlorirhi HolutiouH afl,(‘r 1 and 22 hoiirH 

af. 2(rdJ. 


maximum. There is, however, a slight d(‘pr(^ssion at pH 2.2, 
wh(u-e the solu})ility of tlH‘ casein is a maximum. 

ddui (!urv{‘ for tin* visc-osit.i(‘S, h’ig. (>5, aft.(‘r 22 hours shows, how- 
(‘.vfU’, a dislim't saddhi at pH 2.2 wh(‘r(‘. th(^ solul>ility of cas(un 
chlorides is a maximum, dliis agreu^s with tlui assumption that 
tint high vis(rosity is du(e to swolhen particl(‘s of ca-sfin, a (certain 
(|Uantity of \vhi(di had Ixum dissolv(‘d at or iKutr pH 2.2. This 
solution of tlui parti(d(es capabki of sw(dling beneath that 
wIku’C! tluey no longer (^an oc<dud(^ water must diminish tiH‘ reda- 
tive volumes of the* (^asedn and c-aus(i a diminution of th(e visc*osit-y. 
Ii(dow a pH of l.S, wh(‘r(» the solubility of t.h(e e.a,s(dn is (‘onsidca*- 
ably diminishced, ih(^ I-hour and th(i 22-hours viscosity (Uirv(\s 
(Fig. 65) no loiiger dilTer mabuially. As a couscfiucmce ol Iho 
ir> 
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saddle the maximum of the viscosity curve after 22 hours now 
lies at pH 2.6. 

Since the point at issue, namely, the diminution of the viscosity 
when solid submicroscopic particles, capable of swelling, are 
dissolved into particles so small that they no longer can occlude 
water, is so fundamental for the theories of viscosity and of 
colloidal behavior in general, it seemed necessary to look for a 
more striking proof than that given in the experiment quoted. 
For this purpose measurements were made on 1 per cent casein 
chloride solutions prepared from very finely powdered casein 
particles sifted through a 200-mesh sieve. In order to get a 



pH 14 1.6 1.8 2.0 22 2.4 2.6 2.8 3.0 32 3.4 3.6 3.8 40 42 

Fig. 66. — Diminution of viscosity through solution of solid particles of casein 

chloride. 


more rapid solution of the particles the experiment was carried 
out at 40^C. The time of outflow of water through the visco- 
meter at 40° was 35.5 seconds. Figure 66 gives the results. 
The viscosity measurements were made at four different times, 
namely: first, immediately after the powdered casein was put 
into the HCl; then after IJ^, 3, and 6 hours. During this time 
the casein chloride solutions were kept at 40°C. The viscosity 
curve taken immediately after the suspensions were prepared is 
continuous and is the expression of the swelling which occurred 
in the few minutes which elapsed in the preparation of the suspen- 
sions and during which the casein was at 40°C. The maximum 
swelling occurred at about pH 2.3. At this time the amount of 
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casein dissolved into separate casein ions was negligible. The 
curve resembles the 1-hour curve in Fig. 65. After 1^2 hours the 
second measurements of viscosity were taken, and the reader will 
notice from Fig. 66 that the viscosity had dropped considerably 
in the neighborhood of pH 2.2 where the solubility of casein chlo- 
ride is the greatest, and the maximum depression is at pH 2.1 
where also the solubility is a maximum. With a further lower- 
ing of the pH the viscosity rises again. The maximal viscosity 
in the IJ'^-hours series is now at pH of about 2.7 or 2.8 where it 



pH 1.4 1.6 1.8 2.0 2.2 24 2.6 2.8 3.0 3.2 3.4 

Fig. 67. — Similarity of curves for log ” and for relative volume of casein chloride 

7]0 

in solutions. 

was also in the 22-hours series in Fig. 65. The later viscosity 
measurements, after 3 and 6 hours (Fig. 66) confirm these conclu- 
sions. 

5. It is of interest to see whether or not Arrheniuses formula 
can account for the influence of electrolytes on the viscosity of 
casein suspensions. If this were the case, the curves represent- 

ing log ~ should run parallel to curves representing the relative 

volume occupied by the casein in the solution. We get the 

values of log from our observations of the relative viscosity 
Vo 
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vvhicii give us ^ , ami we cati fal<'ulati> tin* volume from tltc 

ni(‘asiirrMl voltunr of fho sodiruoiit plus tlio oalcuilaffal voluino of 
1 iH‘ oas(‘in in t h(‘ supernatant li<jui(i. Hk* la1t«*r valin* is f)htainf*d 
I)y (i(aluetin|i; tin* <lry wei^ltt of the sfaiinnuit from tin* i known) 
dry wcd^ht of tli(‘ wln»{e mass cjf easein put into the wafer f I ^in. 
pow<ler(al easein, dry wei|;ht 0.S7 ^in.i; assinnirig tliat the* 
(’asf*in in tin* supernatant lieiuiil (‘onsists <*xelusively of suspendcal 
partic’les, dins is partly eorreet feu’ a 1-iiour expea'intent at 2{f. 
Tlai onlinates in k'ii^. iM n^present tin* vahies for volume flms 

corn‘<*t(‘d and tin* valu(‘s for log while the ahseissa* are llieplf 

r)u 

of tin* suspeuisions. 'The two eairvi^s are* almost jjaralleh 

It should l>e statral tliat th<‘s«* (»orreeted vo!um<*s caisein 
indudf* a certain amount of water helweem I lie granules. We 
an*, how(‘vej% in this ease* not e’oneerned with the absolute Inii 
only tin* n*Iafive» volume oe(*upied by the easein. 

Wh(*n NaC’I is ndde*d in difh^rent eoneent rations to a easc»in 
ehleiride solution it. is notii*ed that the viseosity is diminished 
as it is in t in* ease of soluiionH of g(*Iatin ehloride*. We shall see 
in Chap. XV that this diminutiem of viseosity is aee‘om|)anied by 
a diminution in the* (lc*gna‘ of swelling of the inelividual prtilielc»H 
of (aiS(‘in whieh is iiaralled to tlie dc^pression of tlie viwajsity. 

Oia^ gram of |M)wd(‘red eaHC‘in was put into HMI e.c*. of If*.C) 
containing 12.5 c.e. of 0.1 N IICl, and NaCI in eonc'ent rat ions 
varying frenn 0 to m/ 4. The* mixture was shaken oc'casioually 
and kept for 10 hours at 20^^. Then the viseosily, volume of 
sediment (aftcu’ settling for 24 hours), elry wr^ight of s(*diriif»nt 
(after dcaluetion of tin* fn‘<* NaCl cumfaJned in tlie Heiiinient) 
were determined. Whem the volume* ami the values for log 

V . . . 

are plotted as ordinates ov<*r tin* conc^enl.riitions as abscisHa*, 
Vo 

it is found that tlie two curves agn*f* fairly well (l‘lg. OH) exc*e|)t 
where no or little^ salt was a(ld(*d and wliere therebire wane <»asein 
particles had b(H*n comph‘t(*ly dissolvcaL In this Holutioii thcj 
calculates] volume was t-oo Ingli and our curv(»8 exfireHS the fact. 
From thc*se (‘Xperiments we* may comdude* that the* inllueiH*e of 
eles*;trolyte^s on the? viH(S)sit,y of casedn solutions or suspeiiHions is 
due to the swelling of particles of ciasein HUspi*mleHl in ilm solu- 
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tion of casein and that the volume of these particles is regulated 
by the Donnan equilibrium. 

6. These experiments leave little doubt that the high viscosity 
of certain protein solutions, such as gelatin or casein, is due to the 
existence of solid particles occluding large quantities of water, 
the amount of which is regulated by the Donnan equilibrium, 
while the isolated ions of proteins in solution or the particles too 
small to occlude water have no share in the causation of high 
viscosities. 
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Concentration of NaCl 

Fig. 68. — Similaritv of curves for log ” and for relative volume of casein chloride 

VO 

in solutions. 

The quantities of water which can be occluded in a solid jelly 
of gelatin are enormous. If we assume the molecular weight 
of gelatin to be of the order of magnitude of about 12,000, a 
solid gel of 1 per cent originally isoelectric gelatin contains over 
60,000 molecules of water to 1 molecule of gelatin. It is out of 
the question that such masses of water could be held by the 
secondary valency forces of the gelatin and water molecules. 
Casein particles occlude much less water and for this reason the 


i 


j 
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viscosity of casein chloride solutions never becomes as high as 
that of gelatin solutions containing equal masses of protein per 
100 c.c. of solution. 

All the experiments described agree with the occlusion theory 
but not with the hydration theory. Thus the fact that the 
viscosity of a 0.5 per cent solution of isoelectric gelatin increases 
rapidly at a temperature of 20°C. or below cannot possibly be 
explained on the basis of the hydration theory since isoelectric 
gelatin is not ionized. It might be explained on the basis of 
another suggestion which attributes to the gelatin solution a 
similar structure to that possessed by the solid jelly of gelatin. 
This idea would lead us to the assumption that in addition to the 
source of viscosity due to the relative volume of the protein 
solution there exists a second type peculiar to protein solutions 
which has no connection with the volume. 

‘‘Bearing in mind the possibility that protein solutions may contain a 
preformed molecular structure analogous to that of the jellies or coagula 
which they can form, we are strongly impelled towards the belief that the 
type of viscosity which solutions of proteins exhibit may in some manner 
owe its existence to this structure, and not to the type of internal friction 
which hinders molecular and ionic motion. Thus a netlike structure, 
such as a tennis net, will offer no hindrance to the passage through it of a 
quickly moving body which is smaller than its meshes, other than that 
which is due to the fact that the material which composes the net occu- 
pies a small fraction of the area which the body must traverse, but to 
any force which involves deformation of the structure, for instance, a 
force which seeks to drag it through a small tube, it will offer a very 
considerable resistance.'^^ 

This theory becomes untenable in the case of suspensions of 
powdered gelatin and of casein chloride which have no tendency 
to set to a jelly. It fails, moreover, to account for the fact that 
the influence of pH on the viscosity resembles that on the osmotic 
pressure of gelatin solutions. The assumption of a second 
type of viscosity independent of the relative volume occupied 
by the solute becomes unnecessary, since the theories of Einstein 
and of Arrhenius respectively, which derive the viscosity from the 
relative volume, suffice to account for all the phenomena observed. 

^Robertson, T. B., “The Physical Chemistry of Proteins,” pp. 324-25, 
New York, London, Bombay, Calcutta, and Madras, 1918. 



VISCOSITY 


231 


We therefore arrive at the conclusion that where the hydrogen 
ion concentration, the valency of ions, and the concentration of 
salts influence the viscosity of protein solutions in a similar way 
to that in which they influence the osmotic pressure, this influence 
on viscosity is in reality an influence of electrolytes on the swelling 
of solid submicroscopic protein particles contained in the solution. 


CHAPTER XIII 


A RECIPROCAL RELATION BETWEEN THE OSMOTIC 
PRESSURE AND THE VISCOSITY OF GELATIN 
SOLUTIONS! 

1. The experiments in the preceding chapter have led to the 
conclusion that proteins form true solutions consisting of isolated 
protein ions and molecules which may or may not contain in 
addition to the isolated ions and molecules submicroscopic 
particles capable of occluding water and giving rise to a Donnan 
equilibrium. Only when a protein solution contains particles of 
this latter type do we notice a comparatively high viscosity and a 
similar influence of electrolytes on viscosity as on osmotic pres- 
sure. Solutions of crystalline egg albumin of not too high a con- 
centration have a comparatively low viscosity which is not 
affected in the typical way by electrolytes and this leads to the 
conclusion that these solutions consist chiefly of isolated ions and 
molecules or of particles too small to occlude water. If this con- 
clusion is justified, we are forced to the further conclusion that the 
influence of electrolytes on the osmotic pressure of protein solu- 
tions is determined by the isolated ions of a protein solution and 
not by the submicroscopic particles capable of occluding water, 
i.e., the micellae, since solutions of crystalline egg albumin show 
the influence of electrolytes on their osmotic pressure in a striking 
way. It would further follow that in case of a gelatin solution 
where both isolated ions and submicroscopic micellae are sup- 
posed to exist the isolated ions are responsible for the influence of 
electrolytes on the osmotic pressure of the solution while the sub- 
microscopic particles of solid jelly capable of occluding water are 
responsible for the influence of electrolytes on the viscosity of 
gelatin solutions. In other words, wherever there exists a rever- 
sible aggregate formation from isolated protein ions in solution 

^ Loeb, J., J. Gen, Physiol. j vol. 4, p. 97, 1921-22. 
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there should exist ti r(Hupr()<!al relation b(‘t<w(*(‘n th(‘ viscosity and 
the osmotic pr(\ssur(‘ of t.he solution sinc(‘, tin' transformation of 
the submicroscopic f)articl(‘s of solid j(dly sliould lovvcn* th(‘, vis- 
cosity and rais(‘ th(‘ osmotic pressure of a gcdatin solution and 
tnce versa. It can b(‘ shown that this conclusion is supported by 
observations on ^^(‘latin solutions. 

It was noticcHl in tlu^ f)r(‘(HHling chapter that the viscosity of 
solutions of ^ 2 ;(‘latin chIorid(‘ does not always increase on standing 
but that it (limiiush(‘s wh(m Uunperature exceeds a (uu-t-ain 
limit. Tliis was shown for a 2 p(U‘ cent solution of gelatin (ihloridc^ 
of pH 2.7 in h’ig. 57. The viscosity of such a solution iruu'easc^s 
very rapidly on sta.tiding at much less rapidly at 25®(b, 

but diminish(\s wIkui k(‘pt at a t(‘mp(u*atur(i abov(i a.nd th(^ 

more rapidly tlu* highm* the bmpxa'aturc^. This w(^ assum(‘ tobe 
due t.o th(? facd. tliat at a t(unp(‘ratur(‘ a))ov(‘ 35^(1. tlui rai.e of 
irudting of su})micros(X)pi(i parti(;les of solid j(hy (‘xcxicds the rate 
of tlaur formation from isolated ions or mokuaih^s. 

S(‘V(‘ral lihu’s of a 0.55 per cuuit solution of isoelectri(t gelatin 
w(‘r(‘ k(‘pi, at about 1 0*^(5. for 48 hours and at 2()°(k for tlu^ next 
24 hours, '‘rium ih(‘ stock solution was divided intx) two parts, 
d'he oia* part was subdividcxl into dos(^s of 90 (ec. each, and (‘ach 
was brought to a. diflenud. pH by adding 10 c.c. cont.aining 
difT(*r(‘ut (puintiti(‘S of IK-l. In this way th(‘ concentration of 
originally is()f4(‘ct ric g(‘hitin was, tluuxdon^, in (W(u*y (;as(^ 0.5 
|>cr (a»nt. The s(‘con(l portion was t.r(*at.(‘(l in ih(^ sam(^ way 
(*xct‘pt that b(*for(‘ a<iding the* acid th(‘ gcdathi was la^pt. for 1, 
hour at 45^d This was doiu* t-o m<‘It. part of t li(‘ sutimicroscopic 
pi(‘C(ts of jcdly assumed t.o (‘xist in th(‘ solution, a, ml thus to 
incn*ase th(‘ comamt ration of tlu* isoIat(xl ions and mohxnihs a,nd 
to diminish th(‘ ndativc^ (plant ity of solid Hubjni(U’()S(X)pic jiarticdc^s 
reHfKmsibk* for the high vis(a)sily c.harac.t(u*isth*. of g(4athi solu- 
tions. Aft(*r this sfx’ond [Kirtion of thci stoerk solution of iso- 
elect.ric gidutin had becui kc‘pt for 1 hour at 45^0. it was ra-pidly 
cook‘d to tin* HCl was add(‘d in th<^ way dc^scribcnl for the 

first iKuiion and flu* solutions w(*re put into (collodion bags to 
mcuisiirc* tin* osmotic |)r(»ssur(*. kkudi collodion bag contained 
alK)Ut 50 c.c. of gedatin solution, d'hci tmupera-tun* now nunaliKal 
constant at 20®< for both seds of (‘xpca-iimuits. It was notlcc^ahk^ 
from the first that tlie osmotic pn^ssurft of tin* gdatlm solution 
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which had been kepi f<»r 1 hour at •lo'’ and which was therefore 
siijiposed to hav(‘ melted into smaller particles was Idalter than 
that, of the Kelafiii solution not previously healed. I'iirure fit) 
shows the nssult afti'r22 hours, 'fhe inaxiiiuun osinotie pn-ssun* 
was for th(‘ gelatin solution that had been jaeviously heated 2t)l) 
nun. IbjO, while it was only 17tt nun. for the other gelatin solution 
not pn^viously healed to d.V'f’. 



pH 16 2.0 Z2 2.4 2.6 26 60 3.2 3.4 66 68 40 42 44 46 

Fi(h 69.— Hhowiiig that tht» OHmotit* pri*wiirf’ of n of 

whi<!h hm Inmt pn^viomly hmtml to 4r»®C*. (or I hMsir iiiiti fh**ii 
to ii highor than tho Of«niotK? of wiioo nf ifolaliii 

chlorkio not prc^vioimly 


Then the vineoHitieB were (lc*tennincHi at 2Cf and t!ic»y gave thi! 
oppOBite roBiilt (Fig. 62 of the prcH'eding c*hapter), the* viseoBitic*^ 
being conBidcrably higher in the Holutiorw not previcnwlj heated 
to 45® than in th(i Holutionn prc*vioUHly hc*atc*cL 11iiHc*xi>r‘ririient 
then confirms our exjxjctation that thc*rc5 c»xiHt« a reeiproeal 
relation between the viH<x)sity of protein solutions and their 
osmotic pressure, inasmuch m a transformation of Bcilid sub- 
microscopic particles of jelly into isolated protein ions and rnolc^ 
cules diminishes the viscosity fnit increase's the osmotic pressure. 

As far as the quantitative relations are, coiicerneci, the differ- 
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once in viscosity (FiR. ()2) is more striking than tlio (lifToronccrin 
osmotic prossurci (Fig. Gi)). This is possibly (!onnc‘ct(‘(l with the 
fact that tiui lowcning in viscosity clue to hoat.ing t-o 45®(3. was 
measured immc‘diat(‘Iy aftcu’ the temperature had r(‘a<rlH‘d 2()®( '. 
again, whik^ th(^ osmotic j)r(\ssure of tlie sanu^ solut-ions wjis 
measured afha* th(‘ solutions had been standing for 22 hours aX 
2(}°(y. During this time a consid(a'aI>le formation of sub- 
microscopi(^ })arti(‘I(‘s of solid j(^lly had probably oc(nirr(‘d in Uw 
solutions pr(‘viously h(‘at(‘d to 45®( b 

It was tiiat wlnm w(‘ put a collodion bag filk^d with a, 

I per cent solution of g(4at.in of c.f/., pll 3.5, which ha,(l Inum kr‘pt 
for 1 hour at. 45° and (U)ok‘d t o 20° int.o a bcaiker contaiiiing a 1 
p(*r (‘(‘lit solution of t lu^ ickmtical g(4atin chloride* solution of pII 
3.5, but whi(*h had not. be(‘n h(‘at(*d t,()45°(b b(‘for(‘ l)(*ing brought 
to 2{)°(b, water would dilT\is(* from thc^ latt(*r into tb(^ form(*r 
solution. This exp(*rim(*nt was (*a.rri(Ml out with a, positives r(*Hult. 

Th(‘S(* (*xp(u4m(‘nts support tlu; id(‘a (‘xpr(‘ss(*d in t lu^ pnuuKling 
chapt(*r that |)r(d.ein solutions an^ tru(5 solutions which may or 
may not (‘ontMin solid particles of prot.(‘in c.apabk* of swf^lling. 
In th(‘ cas(‘ of g(*latin solutions tin* formation of submi(U‘OH(a)pic 
|)artick‘S of solid j(*lly from isolat(‘d molecuk's or ions is a rewcu’si- 
bk* process, and this hands in this case* t.o a n*ci|)rocal variation of 
osmotie^ preassun* arid viscosity eif such solut ions. 

I'liis probably (‘xplains a. phe‘nome‘non whieGi ha.s puzzled the^ 
writ(*r for a long time*, name‘ly tluit the* osmotic pr(*ssur(m of 
geiatin solutions of the* same* f)H and (*onc(‘ntra.tion of originally 
iHoc*k‘ctric ge*latin shenved occasioiuilly variaiions for which he^ 
c*ould nai a,e'e'ount. It now iH‘e‘onu‘S probable* that- this was due^ 
to a factor wliich was not take*!! into ('onsideration, namely, 
that on standing at roemi tc‘mp(*rature a gradual transfonxiation 
of isolate*!! molee‘ul(*s or ions into larger aggr(‘gat(*s tak{*H plae»(‘, 
which must diminish the osmotie^ {)r(*sHur(* l)Ut increuisei tlic^ 
viscajHity. I'his sourea? of variation was (diminateal in tin* vise^os- 
ity c»xperirnc*ntH in which tlie ge‘latin solution was always hc*ate<l 
first to 45°Cb and then as soon as this t.(*nip(u*at.ure was rc*a<4ie*<l 
the solutiem was coolf‘d tothef(*m{a*rature detsiretclfor the vise^os- 
ity !!!eaHurenK*nts. It is prolaible that the^ same uniformity of 
tre*atnie*nt is also re(|uire*(l for the osnadie^ pre*SHur(^ eiXp<*rime*ntH. 

This reciproc-al relation la‘twe(*n osrnotie* pressure and viseamity 



236 


THEORY OF COLLOIDAL BEHAVIOR 


exists probably also in the case of solutions of casein salts. 
Solutions of Na caseinate are less opaque than those of casein 
chloride (of the same concentration of originally isoelectric 
casein) which indicates that the Na caseinate solution contains 
more isolated casein ions and fewer submicroscopic solid particles 
than the solution of casein chloride. 

The writer had already shown in a preceding chapter that the 
maximal viscosity of a 1 per cent solution of casein chloride is 
higher than the viscosity of solutions of Na caseinate of equal 
concentration of originally isoelectric casein, while the osmotic 
pressures of solutions of the two salts show exactly the reverse 
relation, the maximal osmotic pressure of a 1 per cent solution 
of Na caseinate being almost 700 mm. H 2 O while the maximal 
osmotic pressure of a 1 per cent solution of casein chloride is 
only about 200 mm. 

The solutions of crystalline egg albumin seem to consist (at 
ordinary temperature and at not too high a concentration of 
albumin and of the hydrogen ions) exclusively or almost exclu- 
sively of isolated molecules or ions. Since the latter cannot 
diffuse through a collodion membrane they give rise to a Donnan 
equilibrium across the membrane and hence only the osmotic 
pressure of solutions of salts of crystalline egg albumin is influ- 
enced by electrolytes in the way demanded, while the viscosity 
shows such an influence only to a negligible degree. 

2. It should be possible to give a more striking confirmation 
of the reciprocal relation between the viscosity and the osmotic 
pressure if we replace in a gelatin solution part of the dissolved 
gelatin by equal weight of powdered gelatin. Such a substitu- 
tion should increase the viscosity and diminish the osmotic 
pressure of the solution. 

Figure 70 shows that the osmotic pressure of a 1 per cent solu- 
tion of originally isoelectric gelatin diminishes the more the more 
we replace the dissolved gelatin by small granules of powdered 
gelatin. The ordinates of the upper curve represent the values 
of the osmotic pressure of a 1 per cent solution of originally 
isoelectric gelatin at different pH, the pH serving as abscissae of 
the curves. The acid used was HCl, and the curve is the usual 
one. At the beginning of the experiment the gelatin solution was 
rapidly heated to a temperature of 45°C. and rapidly cooled to 
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20'^C. and th(‘n kopi a.{ t hat tcnnporatun^ throughout the (mtire 
(‘X{)(‘riin(uit. Tli(‘ pM is that of the gelatin solution at tlie end of 
the exixuiincuit. 

The iniddh^ eurv(‘ r(‘pn‘S(‘nts an experiment in whit‘,h 0.5 gni. 
of the isoeleetrie g(‘latin in solution was n^plaecnl by 0.5 gni. of 



Fifj. 70, A of 1 grn. of a firH* ptiwUor of in 100 c.n. of 

wiifiT liHH priu't i^'ail.v no oHn»oli(t proHMiirn (Ifiwont curvo). whil<^ a Holuiifoj of 
I gill, of fill* Minium wlnliri han a muxinml onmofu' proHMuro of over fiOO inm, 
fuppornioHt nirvo). A miKtura of 0.5 gm. of powfliTod and 0.5 grn. of liiiuid 
Kolrtfiii in 100 o.c. wafor hiw pmctionUy the? onmotio proHauro of tho 0,5 por nent 
lifjuid gc‘Ialin in 100 r.f. of wator (midiUo ctirvo). 


iHoeIe(!tric powdered gelatin. Th<‘ lat.ter did not contribute to 
the osmotic pn\sHun% tla^ observi^d osmotic pn*ssun^ b(‘ing dm^ to 
the* isolated ions of tint 0.5 per cent geiatin in solution which 
d(dermin<‘d the* Donnan efTcu-.t, and in addition t.o tin* gas pn^s- 
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sure of the isolated gelatin ions and the isolated gelatin molecules. 
Theoretically, of course, the coarse particles of gelatin also 
participate in the osmotic pressure but this effect is negligible on 
account of the small number of such particles. (The gelatin 
particles used were of grain size slightly above %o of 
diameter.) At the beginning of the experiment the 0.5 per 
cent solution of gelatin was rapidly heated to 45°C. and rapidly 
cooled to 20'^C., and then the powdered gelatin was added. The 
pH is that of the 0.5 per cent gelatin solution at the end of the 
experiment. 

The lowest curve represents the osmotic pressure of 1 gm. of 
powdered isoelectric particles in 100 c.c. of HCl of different pH. 
The slight osmotic pressure observed is probably due to the fact 
that a little of the gelatin went gradually into solution. This 
apparently happened to a less extent in a repetition of this experi- 
ment and the osmotic pressures observed were still lower than in 
the lowest curve in Fig. 70. All these osmotic pressure experi- 
ments were made in a thermostat at 20°C. 

The viscosity is affected in exactly the opposite sense from the 
osmotic pressure if part of the dissolved gelatin is replaced by 
solid particles of gelatin. The more dissolved gelatin is replaced 
by solid particles of gelatin the higher the viscosity, a result 
to be expected from the experiments and conclusions already 
stated. 

Solutions of 0.5, 0.625, 0.750, 0.875, and 1.0 gm. of isoelectric 
gelatin were heated quickly to 45°C. and cooled quickly to 20°C., 
and so much powdered gelatin of pH 7.0 was added as to bring 
the total gelatin in 100 c.c. to 1 gm.;^.e., to a 0.5 per cent solution 
of gelatin was added 0.5 gm. of powdered gelatin (between mesh 
sizes 100 and 120), and to a 0.875 per cent solution of liquid 
gelatin was added 0.125 gm. of powdered gelatin, while no 
powdered gelatin was added to the 1 per cent solution of liquid 
gelatin. The different mixtures were brought to different pH 
through the addition of different quantities of HCl and the solu- 
tions were allowed to stand for 1 hour before the viscosities were 
measured in order to give the powdered gelatin a chance to swell. 
The results of the measurements are represented in Fig. 71. 
The reader will see that within the range of the pH between 3.6 
and 1.4 the viscosity is the greater, the more liquid gelatin is 
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replaced by powdered gelatin. This supports the idea that 
the influence of electrolytes on the viscosity of gelatin solutions 
is due to the influence of the electrolytes on the swelling of solid 
submicroscopic particles of gel in the solution. 

The nature of the curves in Fig. 71 between pH 4.6 and 3.8 
requires an explanation. The curves are here the lower the 



pH 14 1.6 1.8 2j0 2.2 24 2.6 2.8 3.0 3.2 34 3.6 3.8 4.0 4.2 4.4 46 

Fig . 71 . — The influence of replacing liquid by powdered gelatin on viscosity 
is exactly the reverse as on osmotic pressure. The more the powdered particles 
replace the liquid gelatin the higher the viscosity. 


more liquid gelatin is replaced by solid gelatin. This is due to 
the fact that it was necessary to let the suspensions stand for at 
least 1 hour to allow the particles of powdered gelatin to swell 
before the viscosity measurements were made. During this 
time the liquid gelatin at or near the isoelectric point increases 
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nijHOly in vis{*osiiy whil<* tlii:" inrn’ann in viH(*o,sify is suppri'SHni 
wh(‘rn (hr hydro^rn ioii rujiri'iif ntlion in Iiiglrrr* llii> is provrd 
}) 3 ^ 10'^. 72 wliirh giv«’s I hr* visrrf.-dty of ihi* sii|>rni:if mil soliifioiiH 
or|i:{‘hitin (withoni th»* sus|>«'n(li‘ii partidrs) whicdi hac! slmnl- 
in^ for I hour. Insiih* I hr rangr of pH 4,4 and 4.0 lla* visrosily 
hacf risen more rapidl\' on standini^ than al thr l«»\vrr |df; which 
naains lhal at or near Ha* isoi4«‘clric pidnf ninvsuiuiiicroscfjpir 
particles of solid jelly are constantly fonncfl from fh<‘ 
while this jirocess is the slower the hiejlier the hytirogiui ion 
concamt rat ion. While fhtis the addition of ac'id to a solution of 
iHoc'had ric jicelatin retards the rale of fonnafion (4' new suhniicro-* 



X.ii L ...l,...,..-.. . I I ^..1 .4, i., I I 

pH 14 16 id 20 22 24 2.6 28 30 32 34 3,6 38 40 42 44 46 


Fio. 72. ViNf'imity of Heltifiens after iRfiacliiii? for I Ipnir «f 

Notice iniiiioiiaii at pH 4.'1, itidicnliiijiC that the vwcuwfy Jia?*. ri-sefi tmiitf* near flie 
iwajloctnc p(»int rm nccowti of the fonafitioii of Hal.»r}ilrrr»-ir«»|iir partirje-i i4 iii*!. 


scopic pariieloB of jelly, it inertawH the Hwrdling c^f tliosf* nlreiifiy 
present when the ae.id ih athhai. Oti th<M>fher hand, fHiwdered 
particles of isoclecd.rie gedatin in wat(»r of pH 4.7 dc.^ not irierease 
their volume on Btanding. 

The fact that tlic* addition of attid to a solution of ii4oelf*etric 
gelatin inhi!)itB or retards the* formation of new nolid partielcm 
on standing wtm diseusHed in fht* pn*ceding chapter. 

If we now return to thet discuHsion of tin* tairvcys in Fig. 71 we 
may say that tla^ n^Hults in t ha! pari of the cnirvt*H whicdi ladongs 
to tli(i ahscisHfe of pH ahov(‘ 3.8 is t!a* expn^ssion of fht‘ facd-^ that 
that part of the viseoHity which is due to the* gelatin in solution 
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had undergone an inereasc^ during t,hc‘ hour the solution ha,<llH‘<‘n 
standing at 20®( h aft(‘r having })(‘(‘n h(‘at(*d to 4r/’{ h; atul t-hai th<^ 
increase caused in th<‘ visc*osity of tin* TKiuid gelatin wn-s a, maxi-- 
mum at thc^ isoelc‘ct ric point, being a.lmost, zc*ro ad a, pi I b<4ow 3.4 ; 
wljiht thc‘ adrlition of acid had th(‘ opposite^ eflecl. on th(‘ solid 
granul(‘S of gehitin, si net* fh(*ir volum(‘ was incnatscal a,ccording 
to th(‘ rulc‘s of t}a‘ Donnan (‘(luilibrium. 

It is n(‘(‘(‘ssary that W(‘ convin(*(‘ ours( 4 v(‘s that a Donmin eejui- 
libriurn (‘xists when particles of solid g( 4 atin arc^ susp(md(‘d in a< 
solution < 4 ' gf 4 atin. Idiat this is actuaily tru<‘ was shown in th<* 
following way: d.o-gin. <los<‘S of pow<h‘r(*d g( 4 a(in W(‘n‘ a.dd<al to 
HK) (*.e. of O.o per (‘(Uit g( 4 a.tin chlorid(‘ sohitions of difTenmt pH. 
"ria* dilhuamt h(%ak(‘i> <*ontaining t liesf^ mixtuia^s w(‘r(‘ kt‘pt, for 3 j 2 
hours at 2 (r( k mass was th<m filt(‘n‘<l through cotton wool 

arid the jdl of tin* filtra.t(» (O.o per cent g(‘latin solution) and of thc‘ 
solid g(‘la,tin granul(*s vven^ det(*rmine<l, (had of tia* ladtcu* aft(‘r 
they had lietni inelt<*d. It was found that th(‘ pH of the gihidin 
granules was higher than that of th<‘ solution a,nd t haJ. th(‘ difhu*- 
ence followed the Donnan (a|uilibrium e<|ua,tion fd'aJile XldV), 
thotrgh the result was slightly irregular owing to t la^ fa.ct, t had it 
is iiufios-ible to free t he sus|)end<*(l part i( 4 (‘S of g( 4 a t in complet(‘ly 
from tie* supernatant licpiid. When we s(*para.te a. grhadin soliH 
tion fnun water by a ctillodion menibraiK* we ha ve t wo (aiuilib- 
ria, one across the membraiM’ caused by the protein ions on on<‘ 
si<h* of the membrane; ami a se<»oml <jne inside the protiun solu- 
tion caused by the solid partiedes of jelly. 

XIJV 
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Idle recdfirocal relation !?e|wec»ri viscosify and osmotiif pressure 
of protein soliitionn diH|KiHeH of the attenifit to explain tin* influ- 
ence of eIf*ctroIyff‘H on the fdtysicit! pnipfudic’s of firotein sohi- 
tioriH on tlie latsis of the micrdla or aggregate^ thcHiry. Wc* lia.V(f 
H(»cm that both the* osmotih* presstire of a gc4at-in eddoririe HoIuti<at 
us, wr4l as its viscosity ure depreHsecl wlam a ncfutral salt, is adc.led 
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to the solution. The micella theory would explain this by assum- 
ing that the addition of a salt increases the degree of aggregation 
in the solution and hence diminishes the number of isolated par- 
ticles and therefore the osmotic pressure of the solution. This 
assumption cannot be put to a quantitative test since we have no 
direct method of determining the number of aggregates in solu- 
tion. We have shown, however, in this chapter that if we in- 
crease the number of aggregates at the expense of isolated protein 
ions or molecules, the viscosity rises. Hence, if we assume that 
the number of aggregates in the gelatin chloride solution is 
increased through the addition of salt, the viscosity of such a 
solution should increase for the same reason; whereas in reality 
we have seen that the addition of salt depresses both the osmotic 
pressure and the viscosity of the gelatin solution. This fact 
eliminates the aggregation or micella theory as a possible source 
of explanation of the colloidal behavior. We need not deplore the 
loss, since the application of the aggregate theory to the explana- 
tion of colloidal phenomena has never risen beyond the stage of 
vague speculations. 


CHAPTER XIV 


THE STABILITY OF PROTEIN SOLUTIONS^ 

A. The Stability of Aqueous and Alcoholic Solutions op 

Gelatin 

1. It is difficult to discuss the problem of the stability of 
colloidal solutions satisfactorily as long as we do not possess a 
complete theory of the solution of crystalloids. In a general way 
we can say that there seem to exist two different kinds of forces 
by which substances can be kept in solution, first, the general 
forces active in all solutions and which are supposed to be the 
forces of attraction between solvent and solute; and second, the 
special forces such as the mutual repulsion of the particles due to 
electrical charges. These latter special forces are supposed to 
become of significance only when the general forces of attraction 
between solute and solvent are comparatively feeble. 

It was noticed long ago that colloids in general and proteins in 
particular behave very differently in regard to the concentration 
of salt required for precipitation, some requiring very high con- 
centrations of salt for this purpose and others comparatively low 
concentrations.^ There is apparently no transition between the 
two extremes. It was formerly believed that these differences 
in the concentration of salts required could be used for the classi- 
fication of colloids, and some authors divide the proteins or 
colloids in general into two groups, those which exist in the form 
of suspensions (“suspensoids,’^ ^Tyophobic’^ or ^^hydrophobic’' 
colloids), and those which exist in the form of solutions (“emul- 
soids,” “lyophilic” or ^^hydrophilic" colloids). The former are 
precipitated by low concentrations, the latter only by high con- 
centrations of salt. It is of more interest to know the reason 
why the precipitation of one type requires high and of the other 

^Loeb, J., and Loeb, R. F., J. Gen. Physiol.^ vol. 4, p. 187, 1921-22. 

2 Hardy, W. B., /. Physiol, vol. 33, p. 251, 1905-06. 
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low concentrations of salts than to invent names for the two 
; cases. 

We intend to show that where low concentrations of electro- 
lytes are required for precipitation, the precipitating influence 
of the salt has the earmarks of the Donnan effect, inasmuch as 
the effective ion of the salt has the opposite sign of charge to that 
of the protein particles, while where high concentrations of salts 
are required no such relation exists; and we conclude from this 
1 that where low concentrations of salts suffice for precipitation, 

I the precipitation is due to the diminution of the value (pH inside 

(j the colloidal particles minus pH of the outside solution), as shown 

in the chapter on the charge of colloidal particles, while where high 
concentrations of salts are required the precipitating influence is 
i due to some other cause, possibly the weakening of the forces of 

! attraction between protein molecules and the molecules of the 

: I solvent, e.g,j water, through the presence of the salt. This latter 

I conclusion, of course, would imply that the proteins can exist in 

true crystalloidal solution, the ultimate units being protein 
molecules or ions. There is no proof against the permissibility 
of such an assumption in the case of aqueous solutions of crystal- 
line egg albumin (at the proper temperature, pH, and concentra- 
tion) or of gelatin. This opinion is shared by Sprensen, who has 
not hesitated to determine the molecular weight of crystalline 
egg albumin from the osmotic pressure of its solution.^ 

2. Solutions of gelatin in water require enormous concentra- 
tions of salts for precipitation, and this process of salting out has 
no connection with the Donnan equilibrium, since solutions of 
gelatin are more readily salted out by sulphates than by chlorides 
regardless of the pH of the protein solution. The same is true 
for solutions of crystalline egg albumin of pH 4.7 or above; when, 
however, the pH of the crystalline egg albumin becomes too low 
{e.g., 2.0 or less), lower concentrations of salts will cause precipita- 
tion. The reason for this influence of the pH is mentioned at 
the end of this chapter. 

Eight-tenths per cent solutions of gelatin were prepared at 
three different pH, namely 4.7 (isoelectric gelatin), 3.8 (gelatin 
chloride), and 6.4 to 7.0 (Na gelatinate). The purpose was to 

1 Sorensen, S. P. L., Studies on proteins; Compt rend. trav. Lab. Carlsherg^ 
vol. 12, Copenhagen, 1915-17. 
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find the molecular concentration of different salts — namely, 
(NH4)2S04, Na2S04, MgS 04 , KCl, and MgCl 2 — required for pre- 
cipitation. Table XLV shows that regardless of the pH the 
sulphates are better precipitants than the chlorides. Wherever 
we are dealing with colloidal phenomena, i.e,, phenomena regu- 
lated by the Donnan equilibrium, we must expect that sulphates 
will have a more depressing effect than chlorides when the protein 
is on the acid side of the isoelectric point but no when it is on the 
alkaline side or at the isoelectric point. But this is not true for 
the influence of ions on the salting out of gelatin in aqueous 
solution. 


Table XLV. — Minimal Molar Concentrations Required to Pre- 
cipitate 0.8 Per Cent Solutions of Gelatin 


Approximate molecular concentration of salt 



(NH4)2S04 

Na2S04 

MgSOi 

KCl 

MgCU 

4.7 

PAiM 

M 

1^6 M 

H M 

H M 

H M 

M 
Vs M 
% M 

> 3 M 

3 M 

> 3 M 

>3 M 
> 3 M 
>3 M 

3.8 (gelatin chloride) j 


6.4 to 7.0 (Na gelatinate) j 


The question arises, How does it happen that sulphates are 
better precipitants than chlorides? Some light is thrown on 
this fact by experiments on the rate of solution. 

Powdered gelatin of not too small a size of grain (going through 
sieve 30 but not through sieve 60) was rendered isoelectric in the 
way described in Chap. II and about 0.8 gm. was put into 100 
c.c. of each of a series of solutions of NaCl, CaCb, or Na 2 S 04 , 
varying in concentration from m/4,096 to 2 m. The suspensions 
of the powdered gelatin were frequently stirred and the time 
required to practically completely dissolve all the grains of 
powdered gelatin in suspension at 35®C. was. measured. The 
ordinates in Fig. 73 are the solution times of isoelectric gelatin, 
and the abscissae are the molecular concentrations of the salt 
used. It is obvious that NaCl and still more CaCb increase the 
rate of solution of isoelectric gelatin in water, and the more the 
higher the concentration of the salts added. There exists, 
however, a striking discontinuity in the Na 2 S 04 curve. As long 
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as the concentration of Na2S04 is below m/32 it increases the 
solubility of gelatin, and the more so the higher the concentration. 
When, however, the concentration of Na2S04 is above m/32, a 
further increase in the concentration of Na2S04 diminishes the 
solubility of gelatin and the more so the higher the concentration 
of Na2S04. (NH4)2 SOi acts like Na2S04. We now understand 





Concentration of salts 

Fig. 73. — Influence of salts on tho time required for the solution of 0.8 gm. 
of powdered isoelectric gelatin in 100 c.c. salt solution at 35°C. and pH 4.7- 
Notice difference of curve for Na2S04 and for CaCh and NaCl. 

why we cannot precipitate solutions of isoelectric gelatin with 
KCl or MgCl2 in concentrations up to 3 m (see Table XLV) while 
we can precipitate such solutions with sulphates but only at 
concentrations above m/2. 

It may be of interest to supplement these observations by the 
results given in Table XLVa, on the influence of salt solutions 
of three different molar concentrations, namely, m/1,024, m/512^ 
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and m/256, on the time required to dissolve 0.8 gm. of powdered 
isoelectric gelatin at 35°C. The salt solutions had a pH of 4.7. 
It is obvious from the table that the dissolving power of the 
chlorides increases with the valency of the cation while the dissolv- 
ing power of the Na salts increases with the valency of the anion. 


Table XLVa. — T ime in Minutes Required to Dissolve 0.8 gm. of 
Powdered Isoelectric Gelatin at 35°C. 



M /256 

m/612 

m/1,024 

LiCl 

57 

70 

76 

NaCl 

49 

66 

75 

KCl 

56 

70 

80 

MgClj 

32 

40 

61 

CaCh 

32 

40 

62 

BaCU 

31 

46 

66 

CeCU 

26 

35 

44 

LaCb 

23 



Na2S04 

34 

46 

60 

Na4Fe (CN)6 

24 

32 

i 


While isoelectric gelatin is only sparingly soluble, gelatin 
salts are highly soluble. Doses of 0.8 gm. of powdered gelatin 
of pH of about 3.3 dissolve very rapidly in 100 c.c. HCl of the 
same pH at 35°C. The addition of NaCl or CaCh no longer 
increases the solubility, except for CaCU in concentrations above 
m/16. Na2S04 or (NH4)2S04 abruptly diminishes the solubility 
at a concentration above m/4; and NaCl does so above a con- 
centration of 1 M (Fig. 74). 

Figure 75 shows the influence of the three salts on the solution 
time of Na gelatinate of pH 10.5. Na2S04 diminishes the solu- 
bility abruptly at a concentration above m/8 while both NaCl 
and CaCh increase the solubility of Na gelatinate, NaCl in 
concentrations above m/2, and CaCl2 in concentrations above 
m/16. 

In all three cases, therefore, is the solubility of gelatin dim- 
inished by sulphates, but only exceptionally by chlorides. This 
explains the results contained in Table XLV. The solubility 
of gelatin in water does not depend on the Donnan equilibrium. 
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This conclusion is supported by an investigation of the influence 
of the pH on the solubility of gelatin. 

We have seen that addition of little acid to isoelectric gelatin 
increases the osmotic pressure, viscosity, P.D., and swelling, 
while beyond a certain pH the addition of more acid has a depress- 
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Fig. 74. — Influence of salt on solution time of 0.8 gm. of powdered gelatin 
chloride of pH 3.3 in 100 c.c. salt solution at pH 3.3. The gelatin is no longer 
soluble beyond IM NaCl. 

ing effect. It was of interest to find out whether such a maximum 
followed by a drop existed in the influence of acid on the solu- 
bility of gelatin. This is not the case at least between pH 4.7 
and 1.0, since the solubility increases steadily with increasing 
hydrogen ion concentration, as was proven by measurements of 
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the dry weight of gelatin dissolved in a certain time at different 
pH. This corroborates the conclusion that the solution (and 
precipitation) of gelatin in water is not influenced by forces 
governed by the Donnan equilibrium and does therefore not 
show the characteristics of colloidal behavior. We are probably 
dealing in this case with forces of residual valency between water 



Fig. 75 . — Influence of salts on solution time of 0.8 gm. of powdered Na gelatinate 
in 100 c.c. salt solution at pH 10.5. 


and gelatin molecules, these forces being increased, as a rule, by 
the addition of salt to water, with the exception of the sulphates, 
which diminish the forces when added beyond a certain concen- 
tration at which the chlorides do not cause a diminution in 
solubility. This explains why it is easier to salt out gelatin 
from its aqueous solutions by sulphates than by chlorides. 
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These experiments also show that the solution of solid gelatin 
does not depend upon swelling (while the solution of casein 
chloride is, as we shall see, determined by swelling) . The swelling 
of gelatin in acid reaches a maximum at pH of about 2.8 and then 
diminishes upon further increase in hydrogen ion concentration, 
while the rate of solution of solid gelatin granules continues to 
increase steadily when the hydrogen ion concentration increases 
beyond pH of 2.8 down to pH 1.0 (and possibly less). The 
mechanism of swelling and the mechanism of solution of solid 
gelatin in solutions of acid or alkali are determined by forces of 
an entirely different character; the swelling by osmotic pressure, 
and the solution in all probability by those forces which are 
responsible for the solution of crystalloids. The role of secondary 
valency forces in the process of solution is suggested by the follow- 
ing quotation from Langmuir. 

“Acetic acid is readily soluble in water because the COOH group 
has a strong secondary valency by which it combines with water. 
Oleic acid is not soluble because the affinity of the hydrocarbon chains 
for water is less than their affinity for each other. When oleic acid 
is placed on water the acid spreads upon the water because by so doing 
the COOH can dissolve in the water without separating the hydrocarbon 
chains from each other. 

“When the surface on which the acid spreads is sufficiently large the 
double bond in the hydrocarbon chain is also drawn onto the water 
surface, so that the area occupied is much greater than in the case of 
the saturated fatty acids. 

“Oils which do not contain active groups, as for example pure paraffin 
oil, do not spread upon the surface of water.”^ 

It should be added that if we replace the H in the carboxyl 
group of oleic acid by K the very soluble potassium oleate is 
formed, so that the whole molecule is now dragged into the water. 
The Na oleate is less soluble than K oleate. Ca oleate is again 
sparingly soluble. 

In the case of proteins we have to deal with hydrocarbon 
groups possessing more affinity for each other than for water, 
and with COOH and NH 2 groups (or COO and NHj" groups) with 
a strong affinity for water. It is probable that the NH 2 or 

1 Langmuir, I., J. Am. Chem. Sac., vol. 39, p. 1850, 1917. 



THE STABILITY OF PROTEIN SOLUTIONS 


251 


NH^ groups of the protein molecule are more active on the acid 
side of the isoelectric point and the COOH or COO groups on the 
alkaline side of the isoelectric point. The analogy with the soaps 
would also suggest that the nature of the non-protein ion is of 
importance for the solubility of a protein salt. This is found to 
be true especially in the case of casein-acid salts, casein chloride 
being more soluble than casein nitrate, and the latter more 
soluble than casein trichloracetate. 

Until evidence to the contrary is furnished, we must consider 
the possibility that the forces keeping proteins, such as gelatin 
or crystalline egg albumin, in aqueous solutions are the same forces 
which keep crystalloids in solution. The fact that gelatin 
solutions set to a gel does not necessarily contradict this con- 
clusion. When gelatin solutions approach the gel state, (z.e., 
when they reach a high viscosity), the relative distance of the 
protein molecules or ions from each other remains the same and 
the affinity of the active groups of the protein ionsw or molecules 
for water is not changed. The concentration of salt required 
for precipitation remains also practically the same. 

3. At the isoelectric point the affinity of certain groups of the 
gelatin molecule for water is a relative minimum, as is shown by 
the fact that on standing at not too high a temperature, a 1 per 
cent solution of isoelectric gelatin will become cloudy and the sus- 
pended matter will settle; while this will not happen when the 
pH is either above 4.8 or below 4.6. When a little alcohol is 
added to such a solution near the isoelectric point, a rapid pre- 
cipitation of the gelatin occurs. As soon as, however, the pH 
is 4.4 or below, or 5.0 or above, the gelatin in solution remains 
soluble even with an excess of alcohol, provided the anion of the 
acid or the cation of the alkali added to the isoelectric gelatin is 
monovalent (in the range of pH concerned), e.g., Cl, CH2COO, 
H2PO4, HC2O4, etc., or Li, Na, K, NH 4 . When, however, these 
ions are bivalent, e.g., SO4, Ca, Ba, the solubility of the gelatin 
in alcohol is much less and the addition of a relatively small 
amount of alcohol will cause precipitation of the gelatin.^ The 
addition of alcohol diminished the attraction between the watery 
groups of the gelatin molecule or ion and the solvent, and where 
these forces are small, as e.g. at the isoelectric point, or when the 

iLoeb, J., J. Gen. Physiol., vol. 3, p. 257, 1920-21. 
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ion in combination with the gelatin is bivalent, comparatively 
little alcohol suffices for precipitation regardless of the pH. 

On the other hand, the addition of acid with monovalent anion 
or alkali with monovalent cation to isoelectric gelatin, so that the 
pH is either 4.4 or below or 5.0 or above increases the power of 
attraction between gelatin and water to such an extent that now 
the 1 per cent solution of originally isoelectric gelatin becomes 
soluble even when comparatively much alcohol is added. 

Isoelectric crystalline egg albumin remains clear in solutions 
at low temperature, e.^., 2°C., for many months even in a con- 
centration of 8 per cent. When the temperature is raised, a 
change occurs in the molecule whereby its attraction for mole- 
cules of water is diminished and a 1 per cent solution precipitates 
at pH 4.8 at a temperature not far from 60°C. (the exact tempera- 
ture was not ascertained). This precipitation is spoken of as the 
heat coagulation of egg albumin. If we add slight quantities of 
HCl the temperature at which the coagulation occurs is raised. 
At pH 4.39 the coagulation occurs on rapid heating at about 80°; 
at pH 4.25 or below the forces of attraction between the molecules 
of albumin and water become so great that heat coagulation no 
longer occurs even at 95°C. ; the solution only becomes opalescent. 
It was found that the pH at which heat coagulation of a 1 per cent 
solution of crystalline egg albumin no longer occurs at 95°C. is 
approximately the same for HCl, HBr, HNOs, CH 3 COOH, H 3 PO 4 , 
and succinic acid. For oxalic and tartaric acids it is only slightly 
lower, probably because at this pH some of the acid anions are 
bivalent. The main fact is, that for H 2 SO 4 , whose anions are all 
bivalent, the pH at which coagulation becomes impossible is 
markedly lower; namely, 3.42. All this is in harmony with the 
writer’s observations on the effect of different acids on the solu- 
bility of gelatin in alcohol-water mixtures. 

On the alkaline side from the isoelectric point the critical pH 
at which heat coagulation disappears is practically identical for 
KOH and NaOH while the pH is considerably higher for 
Ba(OH)2.i 

The explanation of these phenomena is a part of the general 
problem of solubility; they have no direct connection with the 
theory of colloidal behavior. 

^ Unpublished results. 
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4. When some of the water of a gelatin chloride or Na gelatin- 
ate solution is replaced by ethyl alcohol, the mechanism which 
keeps the gelatin in solution is not changed, but when we continue 
increasing the relative amount of alcohol in the solution a critical 
point is reached where the amount of salt required for the 
precipitation changes abruptly.^ We must conclude that the 
mechanism by which the gelatin is held in solution changes at or 
near this critical alcohol concentration. It is possible to show 
that when the amount of alcohol exceeds the critical limit the 
forces guaranteeing the stability of the solution of gelatin in the 
alcohol-water mixture are the forces resulting from a Donnan 
equilibrium. 

We will first show that such a critical point exists for the ratio 
water: alcohol. Ten per cent solutions of gelatin chloride of 
pH 3.0 or of Na gelatinate of pH 10.0 were prepared. Five 
cubic centimeters of such a solution were first warmed to liquefy 
the gelatin and then while still warm they were diluted with 45 c.c. 
of a mixture of alcohol and water; the relative quantity of alcohol 
and water in the 45 c.c. varying. Ten cubic centimeters of these 
1 per cent solutions of gelatin chloride or Na gelatinate in water- 
alcohol were titrated with a solution of a neutral salt, (NH4)2S04, 
NaCl, and CaCU, at 20°C. until precipitation occurred. It was 
noticeable that while it was not possible to precipitate the gelatin 
at all with 2)^^ m CaCb or 5 m NaCl and only with compara- 
tively high concentrations of (NH4)2S04 as long as the concentra- 
tion of alcohol did not exceed a certain critical value, when this 
critical limit was exceeded traces of these salts sufficed for pre- 
cipitation. This is illustrated in Tables XLVI and XLVII. 
When the solution contained no alcohol, i.e,, when 45 c.c. of H2O 
were added to 5 c.c. of the 10 per cent solution of gelatin chloride 
of pH 3.0, 7.1 c.c. of 2 M (NH4)2S04 were required to cause pre- 
cipitation (Table XLVI) in 10 c.c. of the 1 per cent gelatin chloride 
solution, and the quantity of (NH4)2S04 required increased at 
first the more H2O was replaced by alcohol. When the 45 c.c. of 
liquid added to the 5 c.c. of 10 per cent gelatin solution consisted 
of 18.75 c.c. of water and 26.25 c.c. of ethyl alcohol, 17.8 c.c. of 2 m 
(NH4)2S04 were required to cause precipitation in 10 c.c. of the 
gelatin-alcohol-water mixture, but if now the proportion of 

^ The rest of this chapter is based on experiments not yet published. 
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alcohol to water was shifted only slightly in favor of alcohol, 
namely 17.5 c.c. of water and 27.5 c.c. of alcohol, 0.04 c.c. instead of 
17.8 c.c. of 2 M (NH4)2S04 sufficed for precipitation (Table XL VI). 

In the case of NaCl the drop was still more striking. When 
the 45 c.c. added to the 5 c.c. of 10 per cent gelatin solution con- 
sisted of 8.75 c.c. of water and 36.25 c.c. of alcohol, it was 
impossible to cause precipitation in 10 c.c. of the gelatin chloride- 
alcohol- water mixture with any amount of 5 m NaCl. When, 
however, the proportion of alcohol was only slightly increased, 
namely 7.5 c.c. of water and 37.5 c.c. of alcohol, 0.2 c.c. of NaCl 
sufficed for precipitation. In the case of CaCL the critical point 
was reached when the ratio was 5 c.c. of water and 40 c.c. of 
alcohol. 

The existence of the critical point can equally well be demon- 
strated in the case of Na gelatinate as is shown in Table XL VII. 

What interests us is the following fact. The mechanism by 
which gelatin chloride of pH 3.0 and Na gelatinate of pH 10.0 
are kept in solution is not altered as long as not too much of the 
water is replaced by alcohol, since in this case (NH4)2S04 is 
always a better precipitant than CaCL for both gelatin chloride 
and Na gelatinate. When, however, the relative amount of 
alcohol exceeds a certain critical point, the mechanism by which 
the particles of gelatin are held in solution changes abruptly as is 
indicated by two facts; namely, first that the concentration of the 
salt required for precipitation becomes suddenly very small, and 
second, that the efficient ion has now the opposite sign of charge to 
that of the colloidal particle. Thus, in the case of gelatin chloride 
(Table XLVI), the critical points for CaCL and NaCl are close 
together while the critical point for (NH4)2S04 is at a much lower 
concentration of alcohol. In this case the gelatin ion has a 
positive charge and the precipitating ion on the alcohol side of 
the critical point is the anion. In Table XL VII the critical 
points for (NH4)2S04 and for NaCl are close together while the 
critical point for CaCL lies at a much lower concentration of 
alcohol. In this case the colloidal ion is negatively charged and 
the precipitating ion of the salt is the cation. The valency effect 
will be demonstrated more strikingly in a later part of this 
chapter. 

5. If the precipitating effect of low concentrations of neutral 
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salts on colloidal solutions or suspensions is the result of the 
Donnan equilibrium, the stability of such solutions must be due 
to the fact that when isolated protein ions are beginning to 
coalesce a Donnan equilibrium is set up between the solution 
inside each nascent micella and the outside solution, which 
results in a swelling of the nascent micella whereby the ions in the 
process of coalescence are forced apart again. This prevents the 
formation of new micellse from protein ions as well as the coales- 
cence into larger complexes of the micellse already existing. More- 
over, there must also originate a P.D. between the micella and 
the solution, and the mutual repulsion of the micellse due to their 
electrification will also prevent the coalescence of individual 
micellse into a precipitate. If a salt is added, the forces guaran- 
teeing the stability of the colloidal solution, e.g., the osmotic 
pressure, swelling, and P.D. of the micellse are diminished. 
When these forces fall below a certain minimal value the protein 
particles will coalesce. 

We have seen that the depressing effect of a salt on swelling, 
osmotic pressure, and P.D. of protein particles is due to that ion 
of the crystalloidal salt which has the opposite sign of charge to 
that of the protein ion; and that the depressing effect of this 
crystalloidal ion increases with its valency. Thus, Fig. 76 
indicates the depressing effect of different concentrations of NaCl 
and N'a2S04 on osmotic pressure and P.D. of a 1 per cent gelatin 
chloride solution of pH of originally 3.5. The abscissae are the 
concentration of the salt added, the ordinates the osmotic pressure 
and P.D. The figure shows that the depressing effect of the same 
molecular concentration of Na2S04 is much more than twice as 
great as the depressing effect of NaCl. If we assume that the 
protein ions and protein micellse can coalesce when the osmotic 
pressure is 100 mm. and the P.D. about 4 millivolts, this low 
osmotic pressure and low P.D. of the 1 per cent solution of gelatin 
chloride of pH originally 3.5 will be produced when the NaCl 
solution is about m/64 and the Na2S04 about m/512. The 
precipitating effect of Na2S04 on gelatin chloride would then be 
about eight times as great as the precipitating effect of NaCl. 
The depressing effect of CaCU on the osmotic pressure, swelling, 
and P.D. is about the same as that of a NaCl solution of the same 
concentration of chlorine ions, showing that the depressing effect 
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is due to the anion. Hence, the precipitating effect of CaCl 2 on 
gelatin chloride is about the same as that of a NaCl solution of 
the same concentration of Cl ions. 

When the gelatin ion has a negative charge, e.g,, in the case of 
Na gelatinate, the depressing effect of neutral salts on the P.D., 
osmotic pressure, or swelling of the gelatin solution is due to the 
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Fig. 76. — Depressing effect of salts (NaCl and Na 2 S 04 ) on P.D. and on osmotic 
pressure of a 1 per cent gelatin chloride solution of pH 3.5. 


cation of the neutral salt and increases rapidly with the valency of 
the salt. This is illustrated in Fig. 37, p. 107, which expresses 
the effect of neutral salts on the swelling of Na gelatinate of a pH 
of about 9.3. It is obvious that in order to depress the original 
volume of the Na gelatinate to one-half a m/512 solution of 
CaCb and a m/16 solution of NaCl and about m/32 solution of 
Na 2 S 04 are required. In other words, the depressing action of 
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CaCl 2 on the swelling of Na gelatinate is more than 10 times 
as great as that of NaCl. While these data are only semiquan- 
titative, they enable us to form an approximate estimate as 
to whether or not the precipitating action of a salt on gelatin 
can be due to a diminution of the osmotic pressure (or P.D.) 
between the coalescent ions of gelatin in conformity with the 
Donnan equilibrium. 

The procedure in our experiments was as follows: A stock solu- 
tion of 5 per cent gelatin chloride of pH 3.0 was prepared; 2 
c.c. of this solution were heated to about 45°C. to bring about 
complete liquefaction, and 50 c.c. of absolute alcohol were added 
while the gelatin was still warm and liquid. This concentration 
of alcohol was in excess of that required for the critical limit, and 
the gelatin solution was slightly opalescent. Ten cubic centi- 
meters of this mixture of gelatin-alcohol-water were titrated with 
different salt solutions until a precipitate was found. The con- 
centration of the salt solution was selected in such a way that 
not less than 0.3 and not more than 0.8 c.c. of solution were 
required for precipitation to avoid the addition of too large a 
volume of water to the solution. The difference in the relative 
efficiency of the different electrolytes is therefore expressed chiefly 
in the concentration of the solution required for precipitation. 
The reader should bear in mind that the pH of the gelatin chloride 
solution after the alcohol and the salt solution were added could 
not be measured, and that it was probably higher than 3.0 and 
about the same in all solutions. In order to be able to compare 
the relative flocculating efficiency of different salts the flocculat- 
ing concentration is expressed in equivalents of cubic centimeters 
of m/1,024. 

Table XL VIII shows that all salts with monovalent anion have 
a lower flocculating power on gelatin chloride than salts with 
divalent anion. 

Salts with monovalent anion require a molecular concentration 
of about 100/1,024, about m/10 concentration for precipita- 
tion, while those of the second group require a molecular concen- 
tration of about 10/1,024, i.e., about m/100 or less. This shows 
that the difference in the flocculating power of monovalent and 
bivalent anions has roughly the ratio of about 1:10, i.e., that it 
corresponds to the ratio to be expected from Fig. 70 within the 
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limits of the accuracy of these experiments, which is not very 
great. 


Table XLVIII. — Flocculating Concentration of Different Salts 
AND Acids in an Alcohol-water Mixture of Gelatin Chloride 


Concentration 
of salt used 

Nature 
of salt 

Cubic 

centimeters of 
salt solution 
required 

Equivalent, 

cubic 

centimeters 

M/1,024 

M/8 

RbCl 

0.8 

102.0 

M/8 

KCl 

0.8 

102.0 

M/8 

NaCl 

0.8 

102.0 

M/8 

LiCl 

0.7 

90.0 

M/8 

MgCh 

0.5 

64.0 

M/8 

CaCh 

0.65 

83.0 

M/8 

SrCb 

0.60 

77.0 

M/4 

BaCh 

0.5 

128.0 

M/8 i 

LaCla 

0.7 

90.0 

M/2 

CeCh 

0.35 

179.0 

M/2 

AICI 3 

0.3 

153.0 

M/4 

HCl 

0.4 

102.0 

M/8 

NaBr 

0.8 

102.0 

M/4 

HBr 

0.3 

77.0 

M/8 

Nal 

0.6 

77.0 

M/8 

NaNOs 

0.7 

90.0 

M/4 

HNO 3 

0.3 

77.0 

M/8 

NaCNS 

0.4 

51.0 

M/128 

NasSO^ 

0.8 

6.4 

M/32 

H 2 SO 4 

0.35 

11.2 

M/64 

Na 2 oxalate 

0.65 

10.4 

M/128 

Na 3 citrate 

0.7 

5.6 

M/128 

Na4Fe(CN)6 

0.4 1 

3.2 


It was almost impossible to cause flocculation with acetic acid, 
oxalic acid, or tartaric acid. This suggests that secondary 
valency forces may play some role. 

These experiments then show that the relative efficiency of 
Na 2 S 04 and NaCl for the flocculation of gelatin chloride in 
alcohol-water solution is apparently of about the same order 
of magnitude as their relative efficiency for the depression of the 
osmotic pressure of gelatin solutions. 
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Table XLIX shows the relative flocculating eflaciency of 
cations on alcoholic solutions of Na gelatinate. Ten cubic 
centimeters of 1 per cent Na gelatinate of pH 10.0 were mixed 
with 50 c.c. of absolute alcohol. The mixture is slightly opales- 
cent. Ten cubic centimeters of the mixture were titrated with 
various salt solutions until precipitation occurred. 


Table XLIX. — Flocculating Concentration of Different Salts and 
Alkalies in an Ai.cohol-water Mixture of Na Gelatinate 




Cubic 

Equivalent, 

Concentration 

Nature of salt 

centimeters 

cubic 

used 

or alkali 

of solution ! 

centimeters 



required 

M/1,024 

M/16 

NaCl 

0.6 

38.4 

M/16 

NaBr 

0.6 

38.4 

M/16 

Nal 

0.45 

29.0 

M/16 

NaNOa 

0.5 

32.0 

M/16 

NaCNS 

0.55 

35.0 

M/16 

Na2S04 

0.75 

48.0 

M/16 

Na 2 oxalate 

0.6 

38.4 

M/16 

Nag citrate 

0.6 

38.4 

M/32 

Na4Fe(CN)G 

0.8 

25.6 

M/16 

KCl 

0.5 

32.0 

M/16 

LiCl 

0.6 

38.4 

M/4 

KOH 

0.3 

77.0 

M/4 

NaOH 

0.35 

1 

90.0 

M/256 

MgCb 

0.55 

2.2 

M/612 

CaCb 

0.85 

1.7 

M/512' 

SrCb 

0.8 

1.6 

M/512 

BaCh 

0.65 

1.3 

M/512 

LaCls 

0.6 

1.2 

M/512 

CeCb 

0.7 

1.4 

M/200 

Ca(OH )2 

1.0 

5.1 

M/100 

Ba(OH )2 

0.9 

9.2 


There are again two distinct groups, this time according to the 
valency of the cation. All electrolytes with monovalent cation 


require a molecular concentration of almost 
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salts with a cation of higher valency a concentration of almost 
m/500. 

We, therefore, find that for the flocculation of Na gelatinate, 
originally of pH 10.0, salts with bivalent cation are about 20 
times as efficient as salts with monovalent cation. This is 
roughly in harmony with the relative influence of these ions on 
the osmotic pressure of solutions of Na gelatinate, where the 
efficiency of a m/16 solution of NaCl is equaled by that of a m/512 
solution of CaCh (Fig. 37). 

Schulze, Linder and Picton, and Hardy found that the precipi- 
tating ion has the opposite sign of charge to that of the colloidal 
particle and that the precipitating efficiency of the ion increases 
with its valency. These experiments suggest that the rule of 
Schulze, Linder and Picton, and Hardy is only a consequence 
of the Donnan equilibrium. 

6. If the osmotic pressure set up between coalescing protein 
ions is able to prevent the formation of new micellse and thus to 
contribute towards the stabilization of a solution of gelatin in a 
solution of much alcohol and little water, we can predict another 
result which will become clear from Fig. 77. This figure repre- 
sents the influence of different concentrations of NaCl on the 
osmotic pressure of 1 per cent solutions of originally isoelectric 
gelatin brought to pH 1.8, 4.1, and 3.1 by the addition of different 
quantities of HCl. It is obvious from the curves that it requires 
a higher concentration of NaCl to bring the osmotic pressure of 
the gelatin chloride solution to the same low value, e.g,, 125 mm., 
when the pH is 3.1 than when it is 4.1. At pH 3.1 the concen- 
tration of NaCl must be between m/64 and m/128 and at pH 
4.1 the concentration can be less than m/512. At pH 1.8 no 
addition of salt is required since the osmotic pressure is already 
below 125 mm. If it be true that the difference of osmotic 
pressure between the inside of the nascent micellae and the sur- 
rounding solution is one of the forces guaranteeing the stability 
of the solution of gelatin in an alcohol-water mixture when the 
critical limit of alcohol is exceeded, it is obvious that the con- 
centration of salt required for flocculation should vary with the 
original pH of the gelatin solution in the way characteristic for 
the Donnan equilibrium, namely that near the isoelectric point 
little or no salt should be required for precipitation, that with 
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increasing hydrogen ion concentration (^.e. increasing addition of 
HCl) the concentration of NaCl required for flocculation should 
first increase and later — after a certain pH — diminish. We 
will show that this is the case. 
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Fig. 77. — Difference in the depressing action of NaCl solutions on the osmotic 
pressure of gelatin chloride solution of different pH. 

Ten cubic centimeters of a 5 per cent stock solution of iso- 
electric gelatin containing various amounts of HCl were brought 
to about 45°C. and 40 c.c. of absolute ethyl alcohol were added. 
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This was a quantity of alcohol in excess 
of that required to bring the solution 
to the critical point. After cooling to 
room temperature, the 50 c.c. of alcohol- 
water solution of 1 per cent originally 
isoelectric gelatin were titrated with a 
2y'2 M NaCl or 2)^^ M CaCh solution 
until permanent flocculation occurred. 
The number of cubic centimeters of 23^^ 
M NaCl and CaCU required varied with 
the pH of the original gelatin solution as 
Table L indicates. The pH in the table 
are those which the solution of gelatin 
would have had if it had been diluted 
with 40 c.c. of water instead of with 
alcohol. We do not know the actual pH 
in the alcoholic solutions except that it 
should be less than without alcohol. 

Near the isoelectric point and in fact 
up to about pH 4.0 or 3.8 of the pH 
which would have been found had the 
solution contained no alcohol, the 
gelatin was not completely dissolved 
even when no salt was added, and the 
same was true when the pH (in our 
arbitrary standard) fell below 1.6. 
From pH 3.8 to pH 2.4 the cubic 
centimeters of 23^ m NaCl required 
for flocculation increased from 0.03 c.c. 
at pH 3.8 to 1.3 c.c. at pH 2.4; from 
then on it diminished again. Since 
the pH in the alcoholic solution was 
probably less than it would have been 
in a solution free from alcohol, the 
maximal stability of the gelatin in an 
alcohol-water mixture was at a pH 
greater than 2.4. These results are 
difficult to explain on any other basis 
than the Donnan equilibrium. 
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Gelatin chloride insoluble in the alcohol- water mixture 
below pH 3.8 and above 1.65 
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We conclude from these experiments that gelatin forms a 
colloidal suspension in a mixture with much alcohol and little 
water and that the stability of the suspension depends in this 
case upon the forces set up by the Donnan equilibrium between 
the micellae and the surrounding liquid, these forces being osmotic 
pressure and P.D. t 

In aqueous solutions or in solutions with little alcohol and much . 
water the stability of the gelatin solution depends on forces which 
have no connection with the Donnan equilibrium and which may 
be the forces of secondary valency between gelatin ions or mole- ^ 

cules and the molecules of water which are supposed to be respon- 
sible for the stability of crystalloidal solutions in general. 

These forces of secondary valency do not cease to exist (though 
they are weak) in solutions with much alcohol and little water, 
and these forces may contribute also to the stability of the solu- 
tion. This seems to be indicated by some of the data in Table | 

XL VIII. This table shows that m/10 NaCl precipitates gelatin 
from the solution in much alcohol and little water. If the forces 
due to the Donnan equilibrium alone determine the stability of 
the suspension, a m/20 CaCL solution and a m/30 LaCL solution ^ 

should have the same effect, since only the anion acts in the case 
of the Donnan effect when gelatin is positively charged. Table 
XL VIII shows that the CaCL and LaCL solutions required for 
precipitation are higher than m/20 or m/30, namely m/12 for 
CaCL and m/11 for LaCL. This means that Ca and still more 
La have an inhibiting effect on the precipitation. We have seen i 

that Ca and La increase the solubility of isoelectric gelatin in 
water, i.e.j they increase the forces of attraction between water 
and gelatin (see Table XL VIII). It is possible that the inhibition 
of the precipitating effect of Cl by La and Ca is due to the I 

augmenting effect of these cations on the solubility of gelatin in 
water. This inhibiting effect on precipitation is often spoken of 
as the peptization effect. While the precipitating effect is due to 
the action of salts on the Donnan equilibrium, the peptization 
effect seems to be due to the influence of salts on the secondary 
valency forces between molecules of gelatin and solvent, in these , 

experiments at least. ’ 

A few remarks may be added concerning the precipitation of 
crystalline egg albumin from aqueous solutions by salts at room 
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temperature. While the precipitation of solutions of sodium 
albuminate and of isoelectric albumin requires enormous con- 
centrations of salts, the precipitation of solutions of albumin 
chloride of pH 2.0 or below is brought about by salt solutions of 
much lower concentrations (e.g., m/2 NaCl, m/4 MgCb, etc.). 
This is, perhaps, connected with the fact that solutions of albumin 
chloride become opalescent at high hydrogen ion concentrations, 
and, therefore, assume more the character of suspensions. 

The precipitation of albumin chloride by salts, from solutions 
in much alcohol and little water, gives results similar to those 
reported for the precipitation of gelatin chloride from solutions 
in much alcohol and little water. The inhibiting action of the 
divalent and trivalent cations was also observed in the case of 
the precipitation of albumin chloride from alcoholic solutions. 
The precipitation of Na albuminate by salts, from solutions in 
much alcohol and little water, gives results similar to those 
reported for the precipitation of Na gelatinate from solutions in 
much alcohol and little water. The alcoholic albumin solutions 
used were slightly opalescent, or in other words, they were no 
longer solutions but primarily suspensions of micellse. 


CHAPTER XV 


THE STABILITY OF PROTEIN SOLUTIONS {Continued) 

B. The Stability of Solutions of Casein in Waters 

Since isoelectric casein is practically insoluble in water it is 
easy to study the mechanism of solution of granules of casein in 
aqueous solutions of acid and alkali. When this is done it is 
found that this mechanism is entirely different in the two media. 
In an alkaline solution, e.g., NaOH, casein granules dissolve very 
much as do particles of sodium oleate, the solution of which is 
accompanied by phenomena of spreading. According to Quincke 
such phenomena of spreading are due to a sudden lowering of 
surface tension between the surface layer of soap and water, 
whereby projecting small particles of the surface are torn off so 
that the surface of the granules soon becomes smooth. This 
happens in the case of casein granules in alkali. There is no 
swelling noticeable in the particle. 

The forces which drive the Na caseinate into solution are not 
the forces of the Donnan equilibrium. If this were the case the 
rate of solution of the granules should reach a maximum at a 
pH of between 10.0 and 12.0 and should then diminish. As a 
matter of fact the rapidity of solution increases indefinitely with 
the pH of the NaOH. In m/2 NaOH the solution of the granule 
occurs almost instantaneously. This agrees with the fact that 
solutions of Na caseinate in water require very high concentra- 
tions of NaCl or LiOl or NH4CI for precipitation. 

A Na caseinate solution of pH 7.0 was prepared containing 
2 gm. of originally isoelectric casein in 100 c.c. solution. Five 
cubic centimeters of this solution were added to 5 c.c. of solutions 
of different salts also of pH 7.0. No precipitation was observed 
when the concentration of NaCl in the caseinate solution was 
2J'^ M or that of LiCl was 3^^ m, or that of NH 4 CI was 2 m. 

^Loeb, J., and Loeb, R. F., J. Gen. Physiol., vol. 4, p. 187, 1921-22, 
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Precipitation occurred in (NH 4 ) 2 S 04 when the concentration of 
this salt in the casein solution was 2 m. Precipitation occurred 
in low concentrations of CaCh, namely m:/ 128 . In this latter 
respect the solution of Na caseinate differed from a solution of 
Na gelatinate in water. The facts indicate that the stability of 
a solution of Na caseinate in water is not due to a Donnan 
equilibrium. 

It can be shown that the solution of granules of isoelectric 
casein in HCl depends on forces regulated by the Donnan equi- 
librium and that the rule of Hardy is only a consequence of this 
fact. This can be proven by microscopic observation of the 
mechanism of the solution of solid particles of originally isoelectric 
casein in solutions of acids of different concentration. It was 
found that the particles of casein swell in a solution of HCl, 
becoming more and more transparent the more they swell, and 
that when the swelling has reached a certain stage, the particles 
disappear — they are dissolved. When in the swollen stage, 
slight agitation may make them fall apart. T. B. Robertson 
had suggested such a mechanism for the solution of Na caseinate, 
but we have seen that the mechanism of solution in this latter 
case is different. There is no doubt, however, that the swelling 
of casein particles is a necessary prerequisite for the solution of 
casein-acid salts, since such particles are only dissolved when 
their swelling exceeds a definite limit. • 

The method of procedure was as follows: A small number of 
granules of isoelectric casein of the same size (going through a 
sieve with mesh 100 but not through a sieve with mesh 120) 
were put into 50 c.c. of water containing different quantities of 
different acids and kept at 24°C. At various intervals, i.e.j 
after 15, and 60 minutes, and 6, and 24 hours, the diameter of 
about 15 grains was measured with a micrometer under a micro- 
scope and the average diameter calculated. The particles were 
not stirred, and care was taken to avoid their breaking into 
smaller fragments. The averages after 1 hour are plotted in 
Fig. 78. The abscissae are the logarithms of the concentrations 
of acid of the aqueous solution, the ordinates are the average 
diameters of the particles. It is obvious that the average 
diameter of the particles increases at first with the increase of 
the concentration of the acid, reaching a maximum at about pH 
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2.0 of the outside solution, and with a further increase in the 
concentration of the acid the swelling becomes less again. 

Figure 79 gives the measurements of the same particles after 
24 hours. At this time all the particles in the region of greatest 
solubility for HCl and for H3PO4, ^.e., between pH of the outside 



Concentration of acids' 

Pio. 78. — Influence of different acids on the swelling of casein. 


solution of 1.8 and 2.9, had completely dissolved and could no 
longer be measured. 

Figure 79 shows another fact; namely, that the rate of swelling 
is not the same in different acids. It is about the same in HCl 
and H3PO4 (for the same pH) but decidedly less in HNO3 and 
still less in H2SO4 and trichloracetic acid. It was found that the 
rate of solution of casein in these different acids followed closely 
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the rate of swelling. It took longer to dissolve casein in HNO 3 
than it did in HCl (at 20°C.); and the casein was practically 
insoluble in H 2 SO 4 and trichloracetic acid in 24 hours. 

The rate of swelling is a function apparently not only of the 
osmotic pressure inside the particle caused by the Donnanequilib- 



Concentration o| acids 

Fig. 79. — Connection between swelling and solution of casein particles. 


rium, but also of the force of cohesion between the particles. 
Procter and Wilson have suggested that the rapid increase of 
swelling of solid gelatin with a rise in temperature is due to a 
corresponding diminution of cohesion between the molecules of 
gelatin with rising temperature. The influence of the anion of 
gelatin-acid salts on the cohesion of the particles of a solid gel is 
apparently much smaller than the influence of the anion on the 
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cohesion of particles of casein-acid salts. The forces of cohesion 
in the case of casein sulphate and casein trichloracetate seem to be 
so great that they cannot be overcome by the osmotic pressure 
due to the Donnan equilibrium; and hence, no swelling (and as a 
consequence no solution) of solid casein is possible in H 2 SO 4 or 
trichloracetic acid. The influence of valency on the Donnan 
equilibrium is the same in the case of the swelling of casein and of 



Concentration of NaCl 


Fig. 80. — Depressing action of NaCl on swelling and solution of casein in acid. 

gelatin; what is different is the influence of certain ions on the 
relative affinity of casein ions for water and for each other. 

Procter and Wilson have shown that the theory of the Donnan 
equihbrium explains the depressing effect of a salt on the swelling 
of solid gelatin. Microscopic measurements of the influence of 
NaCl on the rate of swelling of individual grains of casein particles 
in m/100 HCl were made at 24®C., and the results plotted in 
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Fig. 80. The ordinates are the average 
diameters of the particles after 1 and 24 hours 
respectively. The abscissae are the concentra- 
tions of NaCl. The depressing effect is 
similar to that found in the case of the swell- 
ing of a jelly of gelatin. After 24 hours the 
particles had dissolved in the NaCl solutions 
of a concentration below m/256, but not in 
concentrations of NaCl higher than m/256. 

That the solution of casein chloride is thus 
regulated to a large extent by the Donnan 
effect was ascertained also by measurements 
of the quantity of casein chloride dissolved 
at 20°C. at various pH of the solution. One 
gram of isoelectric powdered casein was put 
into 100 c.c. of solutions of HCl of different 
concentration and kept in these solutions in 
one case for 1 hour, in a second case for 22 
hours. The mass was then poured into grad- 
uated cylinders and the undissolved part was 
allowed to settle to the bottom for 2 and for 
6 hours respectively at 20'^C. The super- 
natant liquid was removed and the sediment 
dried over night in an oven at about 100°C. 
Table LI gives the result. The dry weight 
of 1 gm. of isoelectric casein was found to be 
0.870 gm. and this weight diminished by the 
dry weight of the sediment was the amount 
dissolved. Table LI shows that the rate of 
solution increases with diminishing pH from 
4.36 to 2.18 where the solubility of casein 
chloride is a maximum; with a further decline 
in pH the solubility diminishes again. This 
is in agreement with the Donnan effect. 

In a similar way the depressing effect of 
NaCl on the rate of solution of casein 
chloride was ascertained (Fig. 80). Solutions 
of 12.5 c.c. of 0.1 N HCl in 100 c.c. and 
containing 1 gm. of powdered, originally 
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Milligrams dissolved after 1 hour 42 55 86 249 265 348 408 .... 547 538 401 366 272 219 

Milligrams dissolved after 22 hours 102 133 164 267 342 459 636 634 646 733 788 779 710 628 374 300 
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isoelectric casein were prepared in 0, m/2,048, m/1,024, to 
m/4 NaCI. The pH of a solution of 1 gm. of casein in 100 c.c. 
containing 12.5 c.c. of 0.1 n HCl was 2.12 and this pH was the : 

same in all solutions made up in NaCl. The solution was kept j 

at 20°C. for 16 hours and then allowed to settle for 24 hours at 
20° in 100 c.c. graduated cylinders. The dry weight of the sedi- ) 

ment was determined and this weight when deducted from the dry i 

weight of 1 gm. isoelectric casein, namely, 0.870 gm., was the ! 

amount that had gone into solution after a correction was made [ 

for the free NaCl held in 2 c.c. solution which was arbitrarily j 

assumed not to have been removed. Though this latter correc- | 

tion was somewhat arbitrary, it could have caused a noticeable I 

error only when the concentration of the salt solution exceeded 1 

m/64. For the solutions of m/64 and below this error was 1 

negligible. Table LII gives the number of milligrams of casein i 

which had gone into solution. | 

Table LII i 


Concentration of NaCl 



M/2,048 

M/1,024 

M/512 

M/256 

M/128 

M/64 

Milligrams dis- 







solved 

714 

685 

665 

615 

I 

449 

282 


The main fact is that a slight increase in the concentration of 
NaCl causes a noticeable drop in the rate of solution. Thus, 
m/1,024 NaCl causes a noticeable diminution in the solubility 
of a 1 per cent solution of casein chloride of pH 2.12 at 24°. 

These observations then indicate that the solution of solid 
particles of casein chloride is brought about by the ultimate 
elements being forced apart mechanically through the process of 
swelling. The force acting in this swelling is the hydrostatic 
pressure of the water which is forced into the interstices of the 
solid particles by the osmotic pressure of the solution in the 
interstices between the casein ions. Procter and Wilson have 
shown that the application of Donnan^s theory of membrane 
equilibrium accounts quantitatively for this swelling on the 
assumption that swelling is caused by the excess of the osmotic 
pressure inside the gel over that of the surrounding solution 
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(Chap. XI). As soon as the osmotic pressure in the particle 
exceeds the forces of cohesion between the casein ions of the 
particle, the casein ions constituting the particle are separated. 

The question then arises, How can the Donnaii effect stabilise 
the particles of casein chloride in solution,, and how can we explain 
the precipitating effect of low concentrations of neutral salts? 
Let us assume that the ultimate particles in a solution of casein 
chloride of pH 2.2 are, (a) isolated casein ions, (6) isolated casein 
molecules, and (c) small casein aggregates or micellae. The 
Donnan equilibrium furnishes two kinds of forces preventing 
that degree of coalescence of these particles which is required for 
precipitation; namely, the osmotic pressure and the membrane 
potentials. When isolated protein ions collide and remain 
attached to form a micella, a Donnan equilibrium is established 
between the nascent micella and the surrounding solution. 
The Donnan equilibrium demands that there be a higher con- 
centration of electrolytes inside than outside and this difference 
in osmotic pressure leads to water being attracted into the mi- 
cella. The increase in hydrostatic pressure will force the protein 
molecules apart again and thus tends to prevent the formation 
of the micellae. Moreover, if micellae exist in the casein chloride 
solution (aside from isolated casein ions and molecules) the coales- 
cence of different micellae into larger aggregates must be prevented 
by the potential difference between the micellae and the surround- 
ing solution. As a consequence of this P.D., the micellse must 
repel each other. This charge as well as the osmotic pressure 
caused by the Donnan equilibrium is a minimum at the isoelectric 
point, rises rapidly with increasing hydrogen ion concentration, 
reaching a maximum, and diminishes again with a further increase 
in hydrogen ion concentration as shown in a preceding chapter. 
The osmotic pressure and charge are also diminished by the 
addition of salt. In this case, both the osmotic pressure as well 
as the P.D. are depressed, in accordance with Donnan’s theor^^ 
and when this depression reaches a certain degree the casein 
particles coalesce. They will also aggregate without the addition 
of salt at or near the isoelectric point where these forces due to 
the Donnan equilibrium are also zero or sufficiently low. 

These conclusions were supported by experiments on the pre- 
cipitation of casein chloride solutions by salts. The concentra- 
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tions required should be comparatively low and this was found 
to be the case. One per cent solutions of casein chloride of pH 
2.2 were prepared in different concentrations of salts in water of 
about the same pH. That concentration was determined which 
causes an almost instantaneous complete precipitation of the 
protein from the solution so that the supernatant liquid became 
as clear as water. These concentrations were as follows : 

about M/8 
about M/8 
about M/8 
about M/16 
about M/32 

Though the results are only semi-quantitative, the validity of 
Hardy ^s rule and the valency effect are easily recognizable. It 
is also obvious that the concentrations of electrolytes required 
for instantaneous, complete precipitation of casein chloride are 
considerably lower than those required for the precipitation of 
Na caseinate from their watery solution. 

Hardy’s rule, that only that ion of a neutral salt is active in 
precipitation which has the opposite sign of charge to that of the 
colloidal ion, and that the efficiency of the ion increases with the 
valency, is simply the expression of the Donnan effect, as is also 
the fact that very low concentrations of electrolytes suffice for 
precipitation. The reader will notice that it is unnecessary to 
assume that the ions are adsorbed by the casein or that the ad- 
sorption of ions annihilates the electrical charges on the particles 
of casein. 


NaCl 

NaNOg 

CaCh 

Na trichloracetate. 
NaoSO^ 




CHAPTER XVII 

COLLOIDAL SUBSTANCES, COLLOIDAL STATE, AND 
COLLOIDAL BEHAVIOR 

Graham had suggested the distinction between colloidal and 
crystalloidal substances, but it was found later that one and the 
same substance, e.g., NaCl, may behave when in solution either 
as a crystalloid or as a colloid. It then was proposed to drop the 
distinction between colloidal and ciystalloidal substances and to 
distinguish between the colloidal and the crystalloidal state of 
matter. The reasons are summed up in the following quotation 
from Burton : 

‘‘Modem work has shown that it is incorrect to speak of colloidal 
substances as a particular class. Krafft has observed that the alkali 
salts of the higher fatty acids — stearate, palmitate, oleate — dissolve 
in alcohol as crystalloids with normal molecular weights, but in water 
they are true colloids. The reverse is true of sodium chloride; Paal 
found that the latter gave a colloidal solution in benzol, while, of course, 
it gives a crystalloidal solution in w’ater (Karczag). More recently, 
von Weimarn has demonstrated, by the preparation of colloidal solu- 
tions of over two hundred chemical substances (salts, elements, etc.), 
that, by proper manipulation, almost any substance which exists in 
the solid state can be produced in solution, either as a colloid or as a 
crystalloid; and that, as shown by many other workers, in some cases 
it is merely a matter of the concentration of the reacting components 
whether one gets crystalloidal or colloidal solutions. 

Consequently, we now speak of matter being in the colloidal state 
rather than of certain substances as colloids — the essential character- 
istic of the colloidal state being that the substance will exist indefinitely 
as a suspension of solid (or, in some cases, probably liquid) masses of 
very small size in some liquid media, e.g.^ water, alcohol, benzol, gly- 
cerine, etc. According to the medium employed the resulting solutions 
or suspensions are called, after Graham, hydrosols, alcosols,benzosols, 
glycersols, etc.”^ 

^ Burton, E. F., The Physical Properties of Colloidal Solutions, 2d ed., 
pp. 8-9, London, New York, Bombay, Calcutta, and Madras, 1921. 
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If we apply the conclusion drawn in this statement to the 
proteins, it follows that we have no longer any right to insist 
that proteins can form only colloidal solutions. If solutions of 
gelatin and of crystalline egg albumin behave like crystalloidal 
solutions in water and if gelatin solutions in alcohol behave like 
colloidal solutions, we have no right to say that nevertheless 
albumin and gelatin are in the colloidal state when dissolved in 
water. Such an assumption is as arbitrary as to say that NaCl 
is in a colloidal state when dissolved in water simply because it 
is in a colloidal state when dissolved in benzol. The idea that 
the two proteins mentioned must be in the colloidal state when 
dissolved in water is a survival from the time when it was custom- 
ary to discriminate between colloidal and crystalloidal substances 
instead of between colloidal and crystalloidal states, and the 
terms emulsoids or hydrophilic colloids when applied to proteins 
which require high concentrations of salt for their precipitation 
are also a survival from that time. The fact that the molecules 
of protein are large does not matter, since the chemical constitu- 
tion of solute and solvent and not the mere size of the molecules of 
solute determines the stability of their solution. The large size 
introduces only interesting complications inasmuch as it makes it 
possible that one and the same molecule may have groups with a 
different degree of attraction for the molecules of water or solvent. 

In Burton’s statement just quoted only one colloidal property 
is taken into consideration; namely, the stability of colloidal 
solutions. We have seen, however, that as far as the proteins 
are concerned there are a number of other properties of colloidal 
solutions which are all as characteristic for colloids as are the 
conditions for the stability of the solutions; and that as a matter 
of fact the stability of colloidal solutions depends on these other 
properties, such as the P.D. and the osmotic pressure. It is, 
therefore, no longer possible to base our definition of colloids 
exclusively on data derived from a study of the stability of 
colloidal solutions. 

The general characteristics of colloidal behavior may be stated 
as follows : 

1. Low concentrations of neutral salts depress the osmotic 
pressure, P.D., viscosity, and stability of colloidal solutions and 
the swelling of gels. 
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2. This depressing effect of the salt is always due to that ion 
which has the opposite sign of charge to that of the colloidal 
particle. 

3. The depressing effect increases with the valency of the 
effective ion. 

4. When the colloidal substance used is an amphoteric electro- 
lyte the addition of little acid or alkali to the isoelectric substance 
increases the osmotic pressure, P.D., viscosity, stability of the 
solution, and swelling of gel until a point is reached where the 
further addition of acid or alkali will have the opposite effect. 

5. The depressing effect of an excess of acid or alkali is also due 
to the ion which has the opposite sign of charge to that of the 
colloidal particle, and the efficiency of that ion also increases 
with its valency. 

It is obvious that the stability of colloidal solutions is only one 
of a number of properties which all possess the same characteristic 
features. It has been shown in the preceding chapters that 
all these characteristics find their explanation in the Donnan 
equilibrium. 

If, on the basis of this knowledge, we continue the mode of 
reasoning expressed in the quotation from Burton, we come to the 
further conclusion that it is no longer correct to discriminate 
between the colloidal and the crystalloidal state of matter, for 
the same substance may behave in the same state either like a 
colloid or a crystalloid. We have seen that a 1 per cent solution 
of crystalline egg albumin in water at room temperature and at a 
pH much above 1.0 will behave like a colloid or as if it were in the 
colloidal state in regard to osmotic pressure or in regard to P.D. 
when separated from water by a collodion membrane; but the 
same solution of crystalline egg albumin will behave like a 
crystalloid or as if it were in the crystalloidal state in regard to 
the stability of the solution and practically also in regard to 
viscosity (as long as the temperature and the concentration of 
the solution are not too high and the pH not too low) . The reason 
for this is plain in the light of the preceding chapters. Proteins 
(and, perhaps, substances in general) will show colloidal behavior 
when the following two conditions are fulfilled: first, the sub- 
stance must be capable of dissociating electrolytically, and second, 
one of the two oppositely charged ions must be prevented from 
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diffusing while the other is free to diffuse. In this case a Donnan 
equilibrium is established resulting in an unequal distribution 
of the diffusible ions on both sides of the membrane. The 
forces resulting from this distribution of crystalloidal ions are 
the only cause of those phenomena which are designated as 
colliodal. 

In general the block in the diffusion of one kind of ions can 
be brought about by two kinds of conditions: first, by mem- 
branes with a selective permeability; and, second, by the cohesion 
between ions of one kind. An electrolyte which exists in a true 
solution (and this is in all probability true for crystalline egg 
albumin) will show colloidal behavior in regard to osmotic pres- 
sure and to P.D. when separated from pure water by a membrane 
which is permeable for all ions in the solution except one. More- 
over, when ions of one type are attracted to each other with 
greater force than they are attracted by the molecules of the 
solvent, aggregates are formed, and when these aggregates are 
permeable to other ions than those forming the aggregate, a 
Donnan equilibrium is also established and colloidal behavior 
follows again. This latter condition leads to the colloidal 
character of swelling, viscosity, and of the stability of suspen- 
sions. Since 1 per cent solutions of crystalline egg albumin are 
very stable at room temperature and as long as the pH is not too 
low, there are few or practically no aggregates in such a solution, 
and the crystalline egg albumin behaves in regard to viscosity 
and in regard to the stability of its solutions essentially as if it 
were in the crystalloidal state. Of course, the proof has to be 
furnished that crystalline egg albumin exists in the form of 
isolated molecules in agneous solution. Sprensen has calculated 
the molecular weight of crystalline egg albumin from measure- 
ments of the osmotic pressure of this substance and has obtained 
results which make this conclusion probable.^ 

The behavior of gelatin is especially interesting. Gelatin 
solutions in water show colloidal behavior in regard to osmotic 
pressure and P.D. when the solutions are separated from pure 
water by a collodion membrane or by some other membrane with 
similar selective permeability. Gelatin solutions in water show 

^ S0KENSEN, S. P. L., Studies on proteins; Compt. rend. trav. Lab. Carlsberg^ 
vol. 12, Copenhagen, 1915-17. 
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also colloidal behavior in regard to viscosity when the tempera- 
ture is not too high, and this is due, as we have seen, to the exist- 
ence in such solutions of submicroscopic particles of gel in which 
the diffusion of the protein ions is prevented by the forces of 
cohesion between the protein ions forming the gel. The degree 
of swelling, and the relative volume occupied by these particles 
in the solution is regulated by the Donnan equilibrium and, hence 
the viscosity of a gelatin solution is also regulated by the Donnan 
equilibrium; in other words, the viscosity of gelatin solutions has 
the peculiarities of colloidal behavior. Only in one respect do 
the aqueous solutions of gelatin behave as if gelatin were in the 
crystalloidal state, namely in respect to the stability of solutions. 
It requires high concentrations of salts to precipitate gelatin 
from its aquoues solutions and the sign of charge of the precipitat- 
ing ion has no relation to the sign of charge of the protein ion. 
Of course, it remains still to be proved that gelatin exists in 
aqueous solution essentially in the form of isolated ions or molecules 
and almost exclusively so if the temperature is above 35°C. This 
proof can only be furnished if the calculations of the molecular 
weight from osmotic pressure measurements are supported by 
other measurements, especially by determinations of the chemical 
constitution of the gelatin molecule. Dakin’s^ analysis leads 
to a molecular weight which is quite compatible with the results 
from the osmotic pressure determinations (see Chap. X). 

We have seen that solutions of gelatin in alcohol-water mixtures 
behave like suspensions inasmuch as they can be precipitated 
by low concentrations of salt and inasmuch as the precipitating 
ion has now the opposite sign of charge to that of the protein ion. 
When the gelatin solution is in this state, it differs in two respects 
from a gelatin solution in pure water: it has a comparatively 
low viscosity, and it no longer sets to a gel. It is also, as a rule, 
opalescent. The change in viscosity can be shown in the follow- 
ing way.^ 

To 1 gm. of isoelectric gelatin enough HCl is added so that in 
a 1 per cent solution in water the pH would be about 3.0. This 
gelatin is dissolved in mixtures of water and alcohol, heated 
rapidly to 45°C., and cooled rapidly to 15°C. The time of 

1 Dakin, H. D., J. Biol. Chem., vol. 44, p. 499, 1920. 

2 The following experiments have not yet been published. 
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outflow through a viscometer is measured immediately at 15°C. 
As a control the time of outflow at 15°C. of identical water- 
alcohol mixtures but containing no gelatin is also measured. The 
ratio of the time of outflow of the gelatin-water-alcohol mixture 
to that of the water-alcohol mixture without gelatin, 
the relative viscosity of the gelatin solution, is given in Table 
LIII. The upper horizontal row gives the relative amount of 
alcohol in per cent, the second row the appearance of the solution, 
the third the time of outflow of the gelatin solution in seconds, 
the fourth row the time of outflow of the alcohol-water mixture 
without gelatin, and the last row the relative viscosity of the 

Table LIII. — Influence of Increasing Quantities of Alcohol on the 
Viscosity of a 1 Per Cent Solution op Gelatin Chloride of 
Originally pH 3.0 


Concentration of alcohol in per cent 



0 

40 

70 

80 

85 

87.5 

90 






slightly 


very 

Appearance of solution 


clear 


opalescent 

opalescent 

opales cent 

Time of outflow of gelatin 








solution in seconds 

207 

266 

506 

362 

229 

185 

163 

Time of outflow of alcohol + 








water, without gelatin 

80 

233 

225 

194 

178 

168 

160 

Relative viscosity 

2.590 

2.860 

2.250 

1.860 

1.286 

1. 100 

1.020 


gelatin solution. It is obvious that the viscosity drops sharply 
between 80 per cent and 85 per cent of alcohol, and that at 85 
per cent, where the solution is already opalescent, the relative 
viscosity is only 1.286 and only 1.1 for 87.5 per cent alcohol. 

In a second experiment the same solutions were prepared but 
the solutions were kept for 2 days in a thermostat at 9°C., the 
mixtures were then rapidly brought to 15°C., and the viscosities 
determined. The solution containing 60 per cent of alcohol or 
less had set to a jelly; the solution containing 70 per cent was 
almost solid, but the solutions containing 80 per cent or more were 
all completely liquid. Their relative viscosity was measured 
(Table LIV) and was found to be only slightly larger than at 
the beginning, when the solution contained 85 per cent or more 
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alcohol, while the viscosity had risen considerably when the 
solution contained less than 80 per cent alcohol. 

The opalescence of the alcoholic solutions indicates the pres- 
ence of aggregates of gelatin, but since the relative viscosity of 
these alcoholic solutions is low as compared with the viscosity of 
solutions of gelatin in pure water, and since the alcoholic solutions 
no longer set to a jelly, the micellae in the watery solution and in 
the alcohol-water mixture, containing 80 per cent alcohol or 
more, must be different. The fact that the viscosity ratio is 
low in the opalescent gelatin-alcohol solutions (which no longer 
can set to a jelly) indicates that the micellae in this solution 

Table LIV. — Viscosity at 15°C. after the Solution Had Been Kept 
AT 9°C. FOR 2 Days 


Concentration of alcohol 



80 

per cent 

85 

per cent 

90 

per cent 

Appearance of solution 

Time of outflow of gelatin solution in 

slightly 

opalescent 

opalescent 

very 

opalescent 

seconds 

Time of outflow of alcohol-water 

521.0 

247.0 

180.0 

mixture without gelatin 

194.0 

178.0 

160.0 

Relative viscosity of gelatin solution. . . 

2.685 

1.890 

1.125 


occlude less water than the micellae formed in the solutions of 
gelatin in water (or in water with not too much alcohol). 

This is in harmony with the assumption (made in Chap. 
XIV) that the forces which hold gelatin in solution in pure 
water or in water with little alcohol, are different from those 
which hold the gelatin in solution when the critical limit for 
alcohol has been exceeded- In aqueous solutions or in solutions 
with much water and little alcohol where setting of gelatin to a 
jelly is possible, the molecules or ions of jelly are distributed 
evenly in the solvent probably on account of the strong forces 
of residual valency between solute and solvent. The large 
gelatin molecules can adhere to each other only through those 
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groups which have a stronger attraction for each other than they 

have for the solvent. The other groups adhere strongly to the 

solvent, and hence they cannot come in contact with each other 

even when the gelatin sets to a jelly. When a 1 per cent solution 

of gelatin sets to a gel the distribution of the gelatin molecules 

in the solvent undergoes probably no profound change. What 4 

may change is, perhaps, the orientation of the gelatin molecules 

or ions towards each other, but not their average distance from 

each other. When, however, too much alcohol is added, i.e., 

when the solution is on the alcohol side of the critical point, the ^ 

forces of attraction between gelatin and solvent are weakened 

to such an extent that the groups which were formerly attracted 

by the solvent are now more strongly attracted to each other than 

they are to the molecules of solvent. In the micellae thus formed 

the protein ions or molecules are in much closer contact than they 

are in a jelly, and hence they occlude much less water than the | 

micellae formed in pure water or in mixtures of water with little 

alcohol. The latter micellae increase the viscosity of the solution 

more than the micellae formed in an excess of alcohol. The gelatin 

would be precipitated in the latter solutions if it were not for the } 

fact that the coalescence of the protein ions and molecules is 

prevented by the forces set up as a consequence of the Donnan 

equilibrium, namely, forces of osmotic pressure and of P.D., as 

stated. When, however, a small quantity of salt is added the 

forces set up by the Donnan equilibrium are diminished and 

nothing now prevents the forces of attraction between the 

gelatin molecules from causing the separating out of the gelatin 

from solution. It should also be recalled that at the isoelectric 

point not only the P.D. but also the osmotic pressure of protein 

solutions is a minimum and that salts depress the osmotic pres- i 

sure as well as the P.D. 

The fact that a Donnan equilibrium is established between 
micellse and surrounding liquid, whereby the opposite ions of 
electrolytes are distributed in a definite way between the two 
constituents, makes it clear why in the case of precipitation of 
colloids some of the precipitating electrolyte must be found in the I 

precipitate, and that there can, as a rule, be no. stoichiometric 
relation between the quantity of salt and the mass of protein in 
the precipitate. 
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We can form, on the basis of what has been said, a more 
definite picture of the difference between gel formation and pre- 
cipitation. When gelatin is dissolved in pure water or in much 
water with little alcohol, probably only one of the groups of the 
gelatin molecule has a greater affinity for other like groups 
than for the molecules of water, while all the other groups of the 
gelatin molecules have much stronger affinities for water than 
for each other. Hence in this state the gelatin molecules can 
form networks by their ^'oily’^ group {i.e., the groups with little 
affinity for water), the “oily^' group of one molecule adhering to 
an “oily” group in the neighboring molecule. The rest of the 
groups of these molecules must, however, remain separated, 
since their “watery” groups (z.e., the groups with strong affinity 
for water) cannot adhere to each other. The result is a network 
in which the distribution of the molecules in the water is not 
disturbed, since the forces of attraction between the “watery” 
groups of the protein molecule and the molecules of water will 
prevent the molecules of gelatin from attracting each other 
except at the one “oily” group. Since the “watery” groups 
prevail in bulk over the oily group of the gelatin molecule or 
ion, a solid network or a gel formation results instead of pre- 
cipitation. Under these conditions we observe the gel form 
of micellse. In a solution with much alcohol and little water 
on the alcohol side of the critical point) the situation becomes 
reversed. The forces of attraction between the “watery” 
groups and the solvent — which is now mainly alcohol — are weak, 
and since they form the bulk of the gelatin molecules the latter 
will attract each other in many points, thus causing a close con- 
tact over a wide area and this gives rise to the precipitation form 
of the micellae. On the other hand, the few “oily” groups of the 
gelatin molecule may now be attracted by the alcohol and this 
may aid in stabilizing the solution; but at the best these forces 
must be weak. 

In the case of crystalline egg albumin the forces of attraction 
between the watery group and the molecules of water are very 
strong and the mutual attraction of the oily groups for each 
other must be very feeble, since no gel formation occurs at ordin- 
ary temperature, low concentration, or a pH above 1.2. When, 
however, the temperature or the hydrogen ion concentration is 
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sufBciently raised, a change occurs — nobody knows of what 
nature — in the molecule, the solutions become opalescent and 
the albumin may set to a solid gel. In this case ^^oily^’ groups 
must be activated or formed which were not active or did not 
exist before and their natural attraction must cause the gel 
formation. 

In the case of casein solutions in acid all the properties of the 
solution, stability, viscosity, osmotic pressure, and P.D., possess 
colloidal character. The forces of attraction between the mole- 
cules or ions of casein on the acid side of the isoelectric point for 
each other are very strong and for the water molecules compara- 
tively feeble. In the case of casein chloride or casein phosphate 
and to a lesser extent casein nitrate, they are just strong enough to 
make a solution possible; but the stability of the solution depends 
largely on the forces set up by the Donnan equilibrium between 
the nascent micellae or the existing micellae and the surrounding 
solution. In the case of casein trichloracetate or casein sulphate 
the forces of mutual attraction between the casein molecules for 
each other are so much greater than those for water that these 
two salts are practically insoluble. On account of this great 
attraction for each other the granules of casein cannot swell in 
sulphuric acid or trichloracetic acid. Solutions of Na caseinate 
behave like crystalloidal solutions in regard to stability but like 
colloidal solutions in regard to viscosity, P.D., and osmotic 
pressure. ' 

This shows the complications which may be due to the large 
size and complex constitution of large molecules, especially of 
^ proteins. The problems of gel formation or of precipitation are 
not colloidal problems, they are a part of the more general prob- 
lem of solubility. These problems enter only in a secondary 
way into the' problem of colloidal behavior, since the phenomena 
of aggregation are only a means of preventing the diffusion of an 
ion, thereby creating the conditions for the establishment ‘ of a 
' Donnan equilibrium. ‘ 

We now understand why it is not correct to define colloidal 
solutions as solutions in which the ultimate unit is a micella, 
i.e., an aggregate of molecules' or ions. The colloidal behavior of 
solutions of salts of crystalline egg albumin in regard to osmotic 
pressure and D.D. is only due to the non-diffusibility of the pro- 
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tein ion through the collodion membrane and depends in no way 
upon the existence of micellse. The existence of micellse could 
only diminish the value of the osmotic pressure and of the P.D. 
The results of our work lead to the conclusion that there is only 
one source of colloidal behavior, namely, the Donnan equilibrium, 
at least as far as the proteins are concerned. Without a Donnan 
equilibrium there can be no colloidal behavior of proteins. A 
Donnan equilibrium will always arise when the diffusion of one 
kind of ions is blocked while the diffusibility of oppositely charged 
ions is unrestricted, regardless of the nature of the block restrict- 
ing the diffusibility and regardless of the nature of the ion the 
diffusion of which is prevented. 

The writer hopes that the methods, experimental results, and 
theoretical conclusions described in this book may be found of 
use not only in the study of the colloidal behavior of other 
substances than proteins but also in physiology. Life phenomena 
cannot be dissociated from colloidal behavior, and the idea of an 
organism or of living matter consisting exclusively or chiefly 
of crystalloidal material or material with purely crystalloidal 
behavior is inconceivable. Organisms have been defined as 
chemical machines consisting essentially of colloidal material 
capable of growing and automatically reproducing themselves.^ 
If this be true, advance in physiology will be chiefly a hit or miss 
game until science is in possession of a mathematical theory of the 
colloidal behavior of the substances of which living matter is 
composed. If Donnan’s theory of membrane equilibria furnishes 
the mathematical and quantitative basis for a theory of colloidal 
behavior of the proteins, as the writer believes it does, it may be 
predicted that this theory will become one of the foundations on 
which modern physiology will have to rest. 

^Loeb. J., “The Dynamics of Living Matter/’ New York, 1906. 
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